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ABSTRACT

\Experinentnl measuremerts of tne Yirary diffusicz co-~
efficients fo: the C0?-02. CH4-02, H2—02, 00-02, and H20-02
systems over the nominal temperature range 300-1000°K are re-
purted., The measurements were made by the point fource tech-
nique. The data have been analyzed in terms of intermolecular
poterntial energies and the rigorous kineti: theorv by using
the Lennard-Jopes (12-6), wodified-Buckingnam [Exp~6>, point
center of repulsion (in'erse power:, and the exporential re-
pulsion potential energy functions. It is showr that all four
of these functions are capable ot fitting the diffusion data
with about the same precision i(within experimental error).
However, the potential energy values themselves which are
calculated from these four differernt fitted models are shown
to be widely at variance--especia’liy ir the range of inter-
action corresponding to the lower temperatures Thus, these
results provide an example of the high degree of ambiguity
(previously noted by several others’ irvolved ir deducing
intermoleculer potential energies {ronr transport dats. The
use of such fitted potertials to extrapolate trarsport dr.ta
to higher temperatures, or. the other hand, is rrobatly a more
reliable procedure, and diffusicr ‘oefficients for the above
five gas pairs 7in their urexcited, urdissociated states)
have been estimated to 30N)°K from the potentials based on

- 0 v
thue 3G0-1065°K measurements. i
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MOLECULAR DIFFUSION STUDIES IN GASES AT HIGH TEMPERATURE
RESULTS AND INTERPRETATION OF THE COZfOL, CH4'02,

H, -0 C0~027 AND H 0—02 S YSTEMS

2 72 2

I. INTRODUCTION

Jn a recent paper  Ref 1:1the quthors have presented
a new method of measuring molecular diffusior coefficients of
gases that is well suited for measuremer*s at high tempera-
tures {300-1200°K . Besically, this techoique uses concen-
tration profiles determined downstream of a point source of
trace gas in a uniform (heated) lawinar jet of carrier gas to
evaluate the bipary diffusion coeffi:ients. Yn two subsequent
publications (Refs. 2 and 3} results of usivg *his technique
on the He-Ng, COQ-NZ. and He-A systewn< were reported, and the
measurements interpreted by means of the kinetic theory of
gases to obtain intermclecular forces,

The present paper presents ciwrilar measurements and
analysis for the gas paircs HQHUQ, H2ﬂ-0h. Cﬂ-02, C02-02, ard
CH —0, over the nominal temperature interval 3n0-1006°K and
at atmospheric pressure. The particular choive of gas pairs
was motivated by the need for reliable dava or the stable
species found in the lear methare-oxyger combustion system
presently under analysis at this Laboratory, and s€hould find
additional applicatior to other hydrocaribor rumiusiioun sys—
tems as well as the usual thermopbhysical appli-ations. As
in Refs. 1 and 2. the data have been atalyzed with the
rigorous kinetic theorv of gases to obtair irtermolecular
forces berween the unlike molecules Four kinds of inter-
molecular potentials have been used-~the poirt enter of

1

Refererces may Le fo .11 or. pages 23 and 24.



repulsion, the Lennard~Jones (12-6), the modified-Buckingham
(Exp~8) (Ref. 4). and the exponential repulsi

which the collision integrals have recently been computed by
L. Mouchick of this Laboratory (Ref, 5). The comparison of

S polenvial for

these different results provides an interesting and instruc-
tive example of the perils and posaibilities of this kind of
use of traneport data.
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II. EXPERIMENTAL METHODS AND RESULTS

In general, the experimental methods and equipment
used for these measurements were identical to those described
in Ref, 1, so that the details neea not be repeated here.
However, certain modifications required by the pecularities
of some of the gas pairs are discussed below.

In all measurements the trace gas was the light com-
ponent and the carrier gas the heavy component; this arrange-
ment is particularly suited to this technique2 and entirely
compatible with the gas pairs being studied. The oxygen
(hydrogen free) and carbon dioxide (extra dry) were supplied
as compressed gases by the Southern Oxygen Company, while the
hydrogen (prepurified), methane (commercial), and carben
monoxide (high purity) were supplied by the Mathieson Com-
pany. All gases were used directly from the high-pressure
container. In general, small amounis of impuriiies are un-
important in the measurements; however, the sensitivity of
the thermal conductivity gas analysis instrument to light
gas impurities required that hydrogen-free gases be used.

Improvements in the thermal conductivity gas anal-
ysis instrument used for these measurements have been re-

ported elsewhere (Ref. 6).

2 Experience hs shown that somewhat better precision is

attained vhen the light gas is used =2 the tracer, This is
probably connected with its lover jet momentum and penetra-
vi~n distance in entering the carrier stream.
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Carbon Dioxide-Oxygen

Diffusion coefficients 1or the Oz(trnce)-—CO2 system
were obtained in exactly the same way as the Nz(trace)-coz
measurements reported in Refs. 1 and 2 so that ro further
comment cn the experimental technique is required. The
neasurements were obtained over the t(emperature interval
297-1080°K and are reproduced in Fig. 1,

It is worth noting that both sets of diffusion
measurements for DCOB-NZ and DC02-02 are larger thaa the

D velues given by Klibancv et al,(Ref. 7) and pre-

COz-Air

viously compared in Ref. 1, This is an interesting compsr-

ison inasmuch as these are the only other diffusion data
covering the same temperature range.

An additional comparison between these measure-
ments and values reported in the literature is given in
Table I. No significant concentration effects would be

Comparison

Table I
of Measured Diffusion Coefficients with Previously

Reported values, p - 1 Atmosphere

| . 2 -1 2 -1
Gas Pair T (°K) D12 (cm sec ) D12 {(cm“sec ) Reference

(other work) (this work) i
-
H,-0, 273.2 0.697 0.688 16 !
,0-0, 308.1 0.282 0.301 17 J
i
329.0 0.318 0.338" 17 |

352.4 0.352 0.381% 17

co-0, 273.2 0.185 0.101" 16

+

€0,-0, 273.2 0.139 0.137 16 i
283.2 0.16 0.153 18 ;

+ Extrapolated Values
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expected for the C02-02 system mince the molecular weights
are not widely different. (For a discussion of these con-

centration effects see Refs, 1 and 2.)

Methane-Oxygen

Diffusion measurements for the CHi(trace)-Oz system
were made in the usual manner znd are presented graphically
in Fig. 2, The temperature interval covered was 297-980°K,
and no measurements at higher temperatures were possible
because spontaneous ignition of the methane in the hot oxygen
occurred at about 1020°K. The possibility was raised that
prior to ignition there might b. some slow reaction occurring
in the mixing zone which would render the thermal conducti-
vity gas analysis--and hence the diffusion data~-invaiid.

In order to check this, a Pt-Pt(10 per cent Rh) thermocouple
was placed downstream of the injection tube and at various
high temperatures the methane flow was alternately turned

on and off and the changes in thermocouple reading noted.

At no time prior to ignition was a temperature change greater
than 2°C observed. From this brief experiment, it was con-
cluded that slow reaction (if any) was of no significance
prior to wvizible ignition,.

Since there have been no other diffusion data for

CH4-02 reported, no comparison is possible,
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Hydrogen~Oxvgen

Data for the Hz(trace)-oz system are presented in
graphical form in Fig. 2. The temperature interval for
these measuresents wag 295-800°K~~the upper limit being
established (as in the previous case) by the spontaneous
ignition of the hydrogen trace in the hot ambient oxygen
at about 920°K. The smoothness of the diffusion data
approaching this ignition limit tends to indicate that
there was no slow r=action in the rixirg gas, as did the
thkermocouple measurerents made in the (presumably slower)
CHi-O2 case discussced previously, No additional prcof in
the 32-02 case was considered necesssary.

A comparison between these meaguremenis and a
value reported in the literature is made in Table I--the
agreement is within the experimental error., No attempt was
made to measure the effect of composition on DH2-02 by in-

terchanging th. trace and carrier gases because of the
difficulty in handling large amounis of hydrogen. A
theoretical calculation (Ref. 4) of DHZ'trar~‘~Pz/

D yields a value of 1.03 which can be expectled

HZ-Oz(trace)

to be quite reliable (Refs. 2 and 3).

Carbon Monoxide-Oxygen

Without some chemical change, it is very diffi-
cult to analyze quantitatively for the preserce of trace
amounts of CO in 02 using thermal conductivity gas analysis.
Therefore, in order to get around this difficulty, the

sample was first passed over heated platinum gauze to



APPLIG PEYBEL LARATERY
TH MO RAPEM ENCIREITY
Wl o AN

oxidize the CO to 002. Tgls combustion furnace was tested

at different temperatures™ while the product composition was
monitored with t%z thermal-conductivity analyzer--in this
manner a safe operating temperature was deterwined at which
complete conversion was attained. Recause only trace amounts
of CO were present, tk: depiztion of the oxygen was negli-
gible and the nsua) =cthods of data reduction applied.

Measuremenis <l diffusion coefficients for the
CO(trace)-O2 system were obtained without difficulty up to
a temperaturc of abon. 800°K. At thkis poirt, reproducibil-~
ity of the mecasuremerts became very poor. Detailed sampling
and analysis (the usual thermal-conductivity gas analysis
with and without conversion of CO to C02; revealed that
disproportionation of the CO (2CO—~§C02 + C; in the stain-
less steel injection tube (Ref. 8) was occurring in varying
amounts at various iemp=:z.ures above about 700°K., This
disproportionatior eventually deposited erough carbon to
completely plug the injection tube. The mweasured diffusion
coefficieuts showed that reliable data could be obtained
only over the temperature interval 285-800°K, and these are
nres=artad in Tiyg., 1. Ao hefore Tahle T gives a comparison
of mar meacuicd vaiues {oxtrapelated: wrth vajues already
in the literature,

At temperature above about 900°K a visible re-
action was apparent in the diffusion . mixing) zone, and
thermocouple temperature measuremeats in this regicn with
and without CO trace gas flovw showed defiritely that a slow
gAa8s phase reaction wasS OCCUTrring withouil a4 sharp iguiiioin
point as in the CH“—O2 and H2-02 systems. It seems worth

3The temperature of the platinur was not weasured directly
but rather the voltage to the furnace heating elements.
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pointing out that detailed measurements of locel temperature
and composition in a case such as this, along «ith appropri-
ate diffusion coefficients, might be ar excelilent methou of
studyling gas phase reaction kinetics. The rapid dilution

of the trace gas (in this case C0) should lend itself to
treating the reaction as psecudo first order. It will be
recognized that such a system has similarities to a Polanyi
diffusion flame, except that spherical symmetry does not

exist because of the finite carrier gas flow, Partial theo-
retical solutions to problems of this type are available.
(Ref. 9),

Water-Oxygen

The anticipatcu wifificulty of accurately metering
a liquid tracer in this expe: iment was conveniently avoi.ed
by preparing the water from gaseous H2 and 02 in the trace
gas injection tube and using carrier-gas temperaiures only
above 100°C to insure against condensation. Combustion of
the trace gas mixture containing excess oxygen‘ wag con-
veniently accomplisbed by vluvctidcally heating a portion
of the injection tube upstrsam of the injection point, A
S-mil-diameter platinum wire was inserted into *he tubs to
serve as a catalyst. Counletion of reaction and wrops:-
stoichiometry (only the H2 was accurately metered) was esn-
tablished by analyzing a saaple of the gases withdrawn from
a point immediamtely downstream of the injection tube. This
sample was passed through a liquid nitrogen trap before

Z;Ee s8iight excess of oxygen was unimportant since the carrier
ga8 was also oxygen.

_10_



going to the thermal conductivity gas analysis instrument
capsble of detecting about 10 ppm of H2 in 02; no output was
an iadication that no residual H2 was being emitted from the
injection tube. Adsorption of the water on the walls of the
gas analysis flow system conly required that sufficient time
be allowed for ecquilibrium to be reached between reaaings.
No condenaation in the thermal conductivity cell (operated
at 273°K) was encouatered since the cell pressure was only
about one cm Hg and the partial pressurc of the water trace
was less than 2 per cent of this value.

Diffusion measurements of the H20(trace)-02 system
were obtained over the interval 390-1070°K and are presented
in Fig. 1. An extrapclation of cur measurements to a some-
what lowver tempersture permits a comparison with the date of
Schwertz and Brow--see Table I, The agreement in this case
is less satisfactory than in previous comparisons, and nc
explanation ig offered to explain the 7 per cent difference.

T oTeE YT TR T TR T T TR



I1I. INTERPRETATION OF THE RESULTS

For gas modecules that have nearly spherically
symmetric force fields, the rigorous kinetic theory nf
gases permits measured transport properties to be related
tc intermolecular forces (Ref, 4). In particular, the
measurement of molecular diffusion coefficients as a func-
tion of temperature is one of the best knovn methods of
determining intermolecular forces between unlike molecules
since, to a very good first approximation, unlike int-~r-
actions alone determine this transport property. In such
an analysis, the procedure is to select a particular
analytic function which approximates the actual (unkanown)
pctential energy and to determine a set of parameters for
this function that best reproduces the experimental data,
This fitting procedure has already been detailed in Ref, 2.
In the present work, fcur of the most realistic potential
functions have been used to fit the data and then compared
with each other, The results afford an interesting example
of this type of pirocedure,

The four potential funciions us€d are the Leznar
Jones (12-6)

B(r) -~ 4¢ [(o /)12 - (e /r)e] : (1
the modified-Buckingham (Exp-&)
€ [6 Q-r/rgy _ (T \6]
- 5 a -r/r ) - _! o
B8(r) = 775 La e ) \ =) ) (2)

- 12 -



=

the point center of repulsion
6 .
p(r) = d/r , 3)
&nG the exponential repulsion
p(r) = A exp (-r/p). (4

In these expressions, r is the intermolecular separation
distance, and the other quantities (¢ ,0, . T d, 6 , A4,
p ) are constant parameters. For the potential functions
given by Egs. (1), (2), and (3), the appropriate colllisicr
integrals have already been published (Refs. 4, 10,and 11).
Collision integrals for the exponential repulsion potential
[Eq. (4)}) have been recently computed by L. Monchick (Ref. 5)
of this Laboratory and were available to us. Potentials (1)
and (2) are realistic functions for low temperature inter-
actions since they include the London dispersion energy
(attractive) term (ﬂa‘r-s) which has a reasonably firm
theoretical basis. Potentials (3) and (4) find particular
application to the analysis of high-temperature phenomena
where the attractive forcez are less important in the mo-
lecular collisions., Molecular diffusion coefficients tend
to be asgociated with more penetrating collisions than
other transport properties at the same temperature (Ref. 12).
It should be noted that the &bove potentials may be used in
the casz where only one member of the diffusion pair is a
poiar gas {(ior exampie, 520-02), since the interaction may
still be regarded as efféectively spherically symmetric.

The general kinetic theory expressions used in
analyzing the diffusion data have been summarized in Ref. 2.
The theory to the second approximation was used in all cases,
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sl Tnough this was actually necessary only in the cases where
tmc molecular weights of the two gases in the pair were
qaite different (32-02, 320-02, Cll4-02).

To determine the potential parameters that best
fi tted the experimental measurements, a leas®t squares method

w 8 employed. The quantity

s XN j{ ]2 . 172
s 17 S Pexpe = [Pypla "

\\NZ———J Dexpt /

N\ n=1 n -

s minipized with respect to the parameters 1irvolved in
tme theoretical [Dul . Because the point center of re-
palsion [potential {3]) involves a simple mathematical des-
(r-iption of the transport properties, the fitting procedure
i straightforward; fitting the other potentials to the
imta, however, 18 not so simple. In these cases, the pro-
t@dure outlined in Ref. 2 was generally foliowed, that is,
im ¢, ¢ and o, or A was chosen for the Lennard-Jones,

1>3dif ied-Buckingham, or exponential repulsion potentials,
reespectively, and a value of o, Ty» OF P determined

= tisfying the least squares requirement. This procedure
mg repeated for different choices of 0, 0 and ¢, or A
imtil 8 minimum value of 8 wus found. To facilitate this
rmther tedious operation, the appropriate dimensioniess

to1lision integrals were fit to polynomial furs tions™ in

grammed on an IBM 650

T »ud the €mticre proccdure wes p
ilgital computer. As noted in Ref. 2, high-temperature

iransport data are not especially sensitive to the choice
of compatible potential parameters, so that the standard

jeeviation 8 of the measurements varies slowly {generally

5’E‘hese polynomial expressions are available from the auvthors.

_14-
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within experimental error) at its minimum with respect to
these parameters (sce Table II). Fur this reason it was
felt that the three parameters for the modified-Buckingham
(Exp-6) potential could not he unambiguously specified with
the available data--rather , several choices of the para-
meter « were investigated and are reported below without
discrimination. Actually, none of the reported potential
parameters should be considered as being unique in view of
the insensitivity of S,

A summary of the potentials fit to the diffusion
measurements reported earlier in this paper is given 1in
Table III. Also included is the range of{ r over which
the determined potential can be expected to be valid (see
Ref, 2 for a discussion of this rigid sphere range of
validity). It will be apparent from a survey of the stand-
srd deviations provided in this table that all of these
intermolecular potentials are about enually successful in
fitting the diffusion data within the estimated exper irert -
al error. An equivalent compatibility does pot exist, lLow-
ever, between the actual potential energies given by the
fitted parameters of Table III. Figures 3 and 4 give
examples of typical inieractions whirch illustrate this
important fect, Figure 3 is a plot of the C02-02 potential
energy of interaction where the range ¢f validity extends
into the "well" created by a combinaticn of attractive and
repulsive forces, wherea< Fig. 4 is the potential energy
of interaction for the 820"02 system where the range of
validity does not extend into the well, It is obvious
that, xlthough the repulsive potentials 3> and (4) are

quite adaptable to the analycis of high temperature trans-

port data, the corresponding potential erergies of inter-
action so predicted do rot include the attrartive forces
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Yariation in Standard MNeviation of Experimental)
QQZ-_O2 Data from Val. Fitted by Lenpaid-Jones
(I2-v, Potential

5

Chosen ¢/k 0? from least Standard
squares Deviation,
(*K) (AZ) (per cent)

160 12,259 2,75
180 11.883 2.17
200 11.538 1,81
220 11.220 1,78
240 10.924 1.99
260 10.649 2.4)

- 16 ~
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of the interaction and hence differ significantly from the
potential energies predicted by use of the Lennard-.loneg
(12-8) or modified-Buckingham (Exp-6) models, The differ-
ences are especially marked when the range of validity is
~lose to the "well"”. Better agreement between all four
potentials exists when the range of validity lies farther

up on the (mainly) repulsive part of the curve--pote the
improved agreement in Fig. 4 as compared to Fig. 3. For
more penetrating collisions (that is, higher temperature)
the particular choice of the potential appears to be less
critical, It should be emphasized that potentials deter~
mined in this way should not be extrapolated much beyond
their ranges of validity--especially in the region of the
"well", Bven within the range of validity, it is impossible
to state (without other evidence) which of the potentials

is closest to the "true" potential, although it seems likely
that pctentials such as (1) and (2) which contain an attrac-
tive term would be more pearly correct. Conversely, the
errors introduced by extrapolation of a transport property
to a higher temperature may not be excessive in spite of

the disagreement between the various potentials, as is
shown in the following section. 7This point nas been made

tr t

PR - 4
TSSs 1 again,

4]

before (Ref, 13), but it 3je well tgo
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IV. PREDICTION OF HIGH-TEMPERATURE DIFFUSION COEFFICIENTS

In our previcus work (Refs, 2 and 3) on the He-N2
and He-A systems, it was fortunate that detailed information
on the intermolecular potential at closer distances of ap-
proach (corresponding to higher temperature interactions)
had been provided by the molecular beam scattering experi~
ments of Amdur and his co~workers (Refs. 14 and 15). These
potentials provided an excellent foundation for predicting
high-temperature diffusion coefficients (1000° < T <10,000°K)
of the unexcited species. The agreement between our measurec
values and the scattering predictions in the common temper-
ature interval wac guite good.

Unfortunately, no such scattering experiments have
been done for the several gas pairs reported here. Table IV
gives values to 3000°K for the diffusion coefficients ob-
tained by extrapclation using the rigorous kinetic theory
and the various fitted intermolecular potential parameters
given in Table III. Although the various intermolecular
potentials for s particular imteraciion are, 1n general,
quite different in themselves, the diffusion coefficients
extrapolated from them are not necessarily so, as can be
seen by examining Table iV, Which of these extrapolated
diffuzion coefficients is more nearly correct is impossible

to state.
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Table 1V

Comparison of Predicted Diffusion Coefficients Using the
Various Poteatial Functions Given ir Tahle III
(Trace of Light Gas, p -~ 1 Atmoaphere)

Temperature, °K
Syatem Potential Fuaction 3o 506 1000 1300 2000 2500 3000
C0,~0, 12-6 0.162 0,419 1.43 2.84 459 6.86 9.0l
Bxp—8 (a - 17) .162 ©0.413 1.42 2.B1 +.55 6.58 8.80
p.c.r, 0.164 0.412 1.4 3,00 5.04 7.34 10.48
exp 0.184 0.416 1.44 3,04 5.19 7.9 11.15
CH, -0, 13-8 0.226 0.581 1,95 3.8 6.23 9.03 12.22
Exp~6 (& - 17) 0.730 0.5¢3 2.00 3.9 638 9.23 12.45
p.c.r 0.229 0.374 1.9% 4.11 6.88 10G.26 14.23
exp 0.230 ©0.570 1.99 4.18 7.11 10.77 15.18
B,-0, 13-6 0.821 2.09 3.93 13.7 22.2 22.1 43.4
j Exp~4 (a ~ 13) 0.018 3.07 699 141 3231 340 466 |
p.c.r 0.828 208 708 1435 243 36.1 500
oxp 0.830 2,05 7.10 14.9 252 234.1 336 !
|
co-0, 13-6 0.23¢ 0.342 1.73 31.40 5,48 7.93 19.72 |
EZxp-6 (a = 17) 0.234 0.242 1.74 3.39 $.45 7.88 10.3% ‘
p.c.r 0.224 0,538 1.78 3.52 3.76 B.44 11.53 |‘
p 0.225 0.537 1.77 3.87 & 8% 870 11.99 !
,0~0, 12-6 0.283 0,692 2.21 4.3532 #.96 10.09 13.65
Rxp-8 (a - 1T 0 286 O as) 2. 20 4,32 .93 12.3C  iZ.:8
p.c.r C.294 0. 891 2,21 4.3% 7.05 10.34 12.90
exp 0.294 0.690 2.21 4.37 7.11 10.38 14,18
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