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ABSTRACT

4~xperimental measuremezts of toe b.irary diffurlon co-

efficients fo, the CO 0 2  CH 4 -0 2 ' H 2 - 2' fl-O 2 ' and H 2 0-0 2
systems over the nominal temperature range 300-1000*K are re-

ported. The measurements were made by the point Fource teck'-

nique. The data have been analyzed in termsq of intermolecular

potential energies and the rigorous frtnetic_ tteorvy by using

the Lenaard-Joues (l2-6, modified-Bunkingftan :Exp-6', point

center of repulsion (in -erse power' , and the exponential re-

pulsion potential energy functions. It is shown that all four

of these functions are capable of fitting the diffusion data

with about the same precision 'within experimental error).

However, the potential energy values tinemselves which are

calculated from these four different fitted vodeir are shown

to be widely at variance---especiaflv in ihe range of inter-

action corresponding to the lower temperatures Thus, these

results provide an example of the high decree of ambiguity

(previously noted by Reveral. otterp' i-"olved ir deducing

intermolecular potential ernergies f?'or tran'zport data. The

use of such fitted potertisis to extr~innlate trar-&port d,,ta

to higher temperature--, or, the other hand, is probably a more

rel~able procedure, and diffusior -oeffi~ients for the above

five gas pairs 'Iin their urex(Ated, urdl'-'ociated F-tates'

have been estimated to 3tfli)JC frov the p,,entlals based on

t.e 3&DVJ.VWJ NMeUeuremeents.
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MOLECULAR DIFFUSION STUDIES IN GASES AT HIGH TEMPERATURE

RESULTS AND INTERPRETATION OF THE CO 2-0 CH4-02'

H2-02 , CO-02 7 AND H2 0-0 2 S'STEMS

I. INTRODUCTION

In a recent paper Re 1; 1 the nuthors have presented

a new method of measuring molerular diffusion coefficients of

gases that is well suited for measuremerts at high tempera-

tures (300-1200'K. Ftsically, this technique uses concen-

tration profiles determined downstream of a point source of

trace gas in a uniform yheated) laminar jet of carrier gas to

evaluate the binary diffusion coeffi.:ients. Vn two subsequent

publications (Refs. 2 and 3?, results of using 'his technique

on the He-N 2, CO 2-N and He-A syvtex.o were reported, and the

measurements interpreted by means of the kinetic theory of

gases to obtain intermolecular forces.

The present paper presents sirilar measurements and
analysis for the gas pair- H 2" 2 , H 2-O CO- 2 ' o2-02' ard

CH 4-02 over the nominal temperature interval 300-1000K and

at atmospheric pressure. The particular '.oih e of gas pairs

was motivated by the need for reliable dita or the stable

species found in the ear methane-oxygen combustion system

presently under analysts at this Laboratory, and should find

addltlonai applitatlor To oTher hydror arbor, w umru u:,yz-

teas as well as the usual thermophysi~al applivations. As

in Refs. 1 and 2. ,he data nave been analyzed with the

rigorous kineti( theorv of gases to obtair intermolecular

forces between the unlike molerules Four kinds of inter-

molecular potentials have been used--the point nenter of

1
References may Le fo.r l or. pages 23 and 24.
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repulsion, the Lennard-Jones (12-6), the modified-Buckingham
(Exp.-0) (Ref. 4). and the einn~tia -- c.~ptetiiu

which the collision integrals have recently been computed by
L. Mochick of this Laboratory (Ref. 5). The comparison of
these different results provides an interesting and lrntruc-.
tive example of the perils and possibilitieb of this kind of
use of transport data.

- 2-
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II. EXPIRRIMETAL 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 technique
2 
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 carbon

monoxide (high purity) were supp~led by the Mathieson Com-

pany. All gases were used directly from the high-pressure

container. In general, small amounts of impurities 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 has shown that somewhat better precision is

attained when the light wa- '- ,ed a th t..... l! i
probably connected with its 1o,.er jet momentum and penetra-
tiin distance in entering the carrier stream.

3-
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Carbon Dioxide-Oxygen

Diffusion coefficients ior the 02 (trace)-C0 2 system

were obtained in exactly the same way as the N2 (trtce)-CO2

measurements reported in Refs. 1 and 2 so that no further

comment <n the experimental technique is required. The

measurements were obtained over the iempernture interval

297-1080*K and are reproduced in Fig. 1.

It is worth noting that both sets of diffusion

measurements for DC0ON2 and DC 2-02 are larger than the

DCO -Air values given by Klibanov et al.(Ref. 7) and pre-

viously compared in Ref. 1. This is an interesting compt.r-

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 vignificant concentration effects would be

Tabh( I

Comparison of Measured Diffusion Coefficients with Previously
Reported Values, -- 1 Atmosphere

Gas Pair T (K) D12 (eu
2
sec-1) U12 (cE 2 sec-1) Reference

(other work) (this work)

H 2-02 273.2 0.697 0.688 16

H20-02 308.1 0.282 0.301 17

329.0 0.318 0.338' 17

352.4 0.352 0.381* 17

CO-02  273.2 0.185 0.191' 16

C02-02  273.2 0.139 0.137
+  

16

293.2 0.16 0.153 18

+ Extrapolated Values

-4-
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expected for the C02 -0 2 system since the molecular weights

are not widely different. (For a discussion of these con-

centration effects see Refs. I and 2.)

Methane-Oxygen

Diffusion measurements for the M 4 trace)-i 2 system

were made in the usual manner and 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--invalid.

In order to check this, a Pt-Pt(lO 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 prior7 to ignition was a temperature change greater

than 20C obeerved. From this brief experiment, it was con-

cluded that slow reaction (if any) was of no significance

prior to visible ignition.

Since there have been no oth, r diffusion data for

CH4 -2 reported, no comparison is possible.

- 6-
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Hydrowen-Oxvyen

Data for the H2 (trace)-0 2 system are presented in

graphical form in Fig. 2. The temperature interval for

these measurements was 295-900"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 9201K. The smoothness of the diffusion data

approaching this ignition limit tends to indicate that

there was no slow raction in the rixirg gas, as did the

thermocouple measure.,ents made In the (presumably slower)

CH -OU2 case discussod previously. No additional proof in

the H 2-0 2 case was considered necessary.

A comparison between these measurements 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 compositila on DH 2-O by in-

terchanging th, trace and carrier gases because of the

difficulty in handling large amounts of hydrogen. A

theoretical calculation (Ref. 4) of trar.'- c /

DR2O2 (trace) yields a value of 1.03 which can be expected

to be qi:1te reliable (Refs. 2 and 3).

Carbon Monoxide-Oxygen

Without some chemical change, it is very diffi-

cult to analyze quantitatively for the presence of trace

amounts of CO 'n 02 using thermal conductivity gas analysis.

Therefore, in order to get around this difficulty, the

sample was first passed over heated piatint u gSuAe to
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oxidize the CO to CO 2. This combustion furnace was tested

at different temperatures 3while the product composition was

monitored with tl~a thermal-conductivity analyzer--in this

manner a safe operatin~g temperatare was deter~ined at which

complete conversion was attained. Because only trace amounts

of CO were present, th. 'ic,"ntion of the oxygen was negli-

gible and the asual = thods of data reduction applied.

Measuremea's ,; diffusion coefficients for the

CO(,trace)-O- sN,,tem were obtained without difficulty up to

a temperaturc of abol' . 800*K. At this point, reproducibil-

ity of the Ln1esuremeLts became very poor. etailed sampling

and analysis (the usual thermal-conductivity gas analysis

with and without conversion of CO to CO 2 ' revealed that

disproportionation of the CO (2C0-*.4C0 2  C.intesa-
less steel injection tube (Ref. 8) was occurring in varying

amounts at various emp-_, ,res above about 790*K. This

disproportionation eventually deposited erough carbon to

completely plug the injection tube. The mea!;-ured diffusion

coetficieuts showed that reliable data could be obtained

only over the temperature interval 295-800'K, and these are

pw~ -. d i Fig. _ f-re T~hl T -iveE a comparison

nf __ ,jvaiu-G -rtaaltd," j~~ut~s already

In the litcrature.

At temperature above about 9OO)OK a visible re-

action was apparent in the diffusion ',mixing) zone, aod

thermocouple temperiture measuremeats in this region with

and without CO trace ga; flo showed definitely that a slow

gas phase reaction was occurring without a tdharj iiIICC

point as in the CH4 -02 sod H 2-02 systems' It seems worth

3 mre temperature of the platipum was not measured directly
but rather the voltage to the furnace heating elements.
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pointing out that dctailed measurements of local temperature

and composition in a case such as this, along ,Ith appropri-

ate diffusion coefficients, might be an excellent methoo of

studying gas phase reaction kinetics. The rapid dilution

of the trace gas (in this cas CO) should lend itself to

treating the reaction as pseudo first order. It will be

recognized that such a system has similarities to a Polanyl

diffusion flame, except that spherical symmetry does not

exist because of the finite carrier gab flow. Partial theo-

retical solutions to problems of this type are available.

(Ref. 9).

Water-Oxygen

The anticipat iiiiculty of accurately metering

a liquid tracer in this expeilment was conveniently avoi..eu

by preparing the water from gaseous H 2 and 02 in the trace

gas injection tube and using carrier-gas temperatures only

above 100*C to insure against condensation. Combustion of

4the trace gas mixture containing excess oxygen was con-

veniently aLcomplimbed by elucLIi .illY heating a nrtion

of the injection tube upstream of the injection point, A

5-mil-diameter platinum wire was inserted into 'he tub to

serve as a catalyst. Co _Pletion ot reaction and propt'-

stoichiometry (only the H 2 was accurately metered) was es-

tablished by analyzing a sample of the games withdrawn from

a point immediately downstream of the injection tube. This

sample was passed through a liquid nitrogen trap before

The slight excess of oxygen was unimportant since the carrier
gas was also oxygen.

- 10 -



going to the thermal conductivity gas analysis instrument

capable of detecting about 10 ppm of H2 in 02; no output was

an indication that no residual H2 was being emitted from the

injection tube. Adsorption of the water on the walls of the

gas analysis flow system only required that ;iufficient time

be allowed for cquilibrium to be reached between readings.

No condensation in the thermal conductivlty cell (operated

at 273K) was encountered 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 H2 0(trace)-O 2 system

were obtained over the interval 390-1070'K and are presented

in flIg. 1. An extrapolation of our measurements to a some-

what lower temperature permits a comparison with the date of

Schwertz and Brow--see Table I. The agreement in this case

is lesa satisfactory than in previous comparisons, and no

explanation is offered to explain the 7 per cenc difference.

-11 -
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III. INTERPRETATION OF THE RESULTS

For gas moaecules that have nearly 'pherically

symmetric force fields, the rigorous kinetic theory of

gases permits measured transport properties to be related

to intermolecular forces (Ref. 4). In particular, the

measurement of molecular diffusion coefficients as a func-

tion oi temperature is one of the best known methods of

determining intermolecular forces between unlike molecules

since, to a very good first approximation, unlike intir-

actions alone determine this transport property. In such

an analysis, the procedure is to select a particular

analytic function which approximates the actual (unknown)

potential 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, four 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 procedure.

The four potential lunctLiu used are the Lcnnard

Jones (12-6)

0(r) - 4E {(o /r)12 - (C /r)6(

the modified-Buckingnam (ixp-6)

0(r) - [6 a(l-r/r) r61 (2)
1-675ar 

j

12-
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the point center of repulsion

O(r) - d/r , (3)

and the exponential repulsion

J(r) - A exp (-r/p), (4)

In these expressions, r is the intermolecular separation

distance, and the other quantities ( E, a , a, r, d, 6 , A,

p ) are constant parameters. For the potential functions

given by Eqs. (1), (2), and (3), the appropriate collision

integrals have already been published (Refs. 4, 10,and 11).

Collision integrals for the exponential repulsion potential

(Eq. (4)3 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 (Oa r
-6

) which has a reasonably firm

theoretical basis. Potentials (3) and (4) find particular

application to the analysis of high-temperature phenomena

where the attractive forces are less important in the mo-

lecular collisions. Molecular diffusion coefficients tend

to be associated with more penetrating collisions than

other transport properties at the same temperature (Ref. 12).

It should be noted that the above potentials may be used in

the case where only one member of the diffusion pair is a

polar gas (!or example, H2 00 2) , since Tne interaction may

still be regarded as effectively spheically 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,

- 13 -
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s! znaougn this was actually necessary only in the cases where

tz molecular weights of the two gases in the pair were

qa.±te different (H 2-02 , H 20-02 ' CH4-02)'
'To determine the potential parameters that best

fi tted the experimental measurements, a least squares method

it s eimployed. The quantity

N 12 1/2

I NI Dexpt

was minimized with respect to the parareters irnvol'~ed in

thae theoretical JD12 2, Because the point center of re-

palsion [potential (371 involves a simple mathematical des-

czi:ption of the transport properties, the fitting procedure

ism straightforward; fitting the other potentials to the

dista, however, is not so simple. In these cases, the pro-

cadure outlined In Ref. 2 was generally followed, that is,

irm e, e and cr, or A was chosen for the Lennard-Jones,

icadi-fied-Buckingham, or exponential repulsion potentials,

re-spectively, and a value of a, r,. or p determined

sr-tisfying the least squares requirement. Thin piuceduare

was repeated for different choices of 0, a and al, or A

aratil a minimum value of S wuE found. To facilitate this

rather tedious operation,the appropriate dimensionless

cmllision integrals were fit to polynomial V2n'tions 5 
il

7 u th. entirc prccur 1rae ,p,-.-,nn on an IBM 650

di-gital computer. As noted in Ref. 2, high-temperature

tx-ansport data are not especially sensitive to the choice

Xr compatible potential parameters, so that the standard

deviation 8 of the measu~rements varies slowly (generally
5 rbese polynomial expressions are available from the attos

-14-
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within experimental error) at its minimum with respect to

these parameters (see Table 1I). Fir this reason it was

felt that the three parameters for the modifled-Buckingham

(Exp-6) potential could not be unambiguously specified with

the available data--rather , several choices of the para-

meter a were investigated and aje reported below without

discrimination. Actually, none of the reported potential

parameters should be considered as being unique :Ln 'view of

the insensitivity of S.

A summary of the potentials fit to the diffusion

measurements reported earlier in this paper is given in

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-

ard deviations provided in this table that all of these

intermolecular potentials are about enually successful in

fitting the diffusion data within the estimated fxpe2rifeti-

al error. An equivalent compatibility does not exist, :1ow-

ever, between the actual potential energies given by the

fitted parameters of Table Ill. Figures 3 and 4 give

examples of typical interactions whi'h illustrate this

important fact. Figure 3 is a plot of the C0 2 -02 potential

energy of interaction where the range of validity extends

into the "well" created by a combination of attractive and

repulsive forces, wherea- Fig. 4 is the potential energy

of interaction for the H 2 0-102 system where the range of

validity does not extend into the well. It is obvious

that, klthough the repulsive potentials -3, and (4) are

quite adaptable to the analyris of high temperature trans-

port data, the corresponding potential ecergies of Inter-

action so predicted do rot inc(lude the attra-tive forces

- 15 -
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Table II

Variation in Standard neviatinn of Ie3C_-meental

9910-02 Data from Vali Fitted b Lenai d-Jones

d-. otents

Choaen i/k 02 from least Standard
squares Deviatiov, S

(*1) (A
2
) (per cent)

160 12.259 2.75

180 11,883 2.17

200 11,538 1.81

220 11.220 1.75

240 10.924 1.99

260 10.649 2.41

- is -
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of the interaction and hence differ significantly from the

potential energies predicted by use of the Lennard--Jnee

(12-6) or modified-Ruckingham (Exp-6) models. The differ-

ences are especially marked when the range of validity is

close to the "well". Better agreement between all four

potentials exists when the range of validity lies f,rther

up on the (mainly) repulsive part of the curve--note the

improved agreement in Fig. 4 as comparea to Fig. 3. For

more penetratiag collisions (that is, higher temperature)

the particular choice of the potential appears to be less

critical. It should Li emphasized that potentials deter-

mined in this way should not be extrapolated much beyond

their ranges of validity--especially in the region of tbe
"well". Even 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 nearly 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, This point has been made

before (Ref, 13), It It is wel to it agai.

-20 -
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IV. PREDICTION OF HIGH-TEMPERATURE DIFFUSION COEFFICIENTS

In our previcus work (Refs. 2 and 3) on the He-N 2

and He-A systems, it was fortunate that detailed information

on the intermolecular potential at closer distances of ap-

proach (correaponding to higher temperature interactions)

had been provided by the molecular beam scattering experi-

ments of Andur and his co-workers (Refs. 14 and 15). These

potentials provided an excellent foundation for predicting

high-temperature diffusion coefficients (10000 < T <lO,000*K)

of the unexcited species. The agreement between our measure.

values and the scattering predictions in the common temper-

ature inteival waz quite 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 extrapolation using the rigorous kinetic theory

and the various fitted intermolecular potential parameters

given in Table III. Although the various intermolecular

potentials for I articular interu[cion are, in general,

quite different in themselves, the diffusion coefficients

extrapolated from them are not necessarily so, Ps can be

seen by examining Table !V. Which of these extrapolated

diffu-Jon coefficients is more nearly correct is impossible

to state.
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Table IV

Con rson of Predicted Diffusion Coefficients Usinj the
Virous Potentil Functions Civen ir. Table III

(Tace of Ligh~ Gas,&~a~!~ p-- t-Zp-e-W

Teperature, *1

Syste" poteut l1 Vu. Ctal 300 500 1000 1500 2000 2500 3000

C0 2 -0 2  12-6 0.161 2.419 1.43 2.54 4.59 6.66 9.01

K'p-
4 

(a - 17) 0.162 0.418 1.42 2.81 4.55 6.58 8.80

p.c.r. 0.164 0.412 1.44 3.00 5.04 7.54 10.45

ap 0.164 0,410 1.44 3.04 5.19 7.90 11.1

C14-0 2 12-4 0.226 0.581 1.95 3.86 6.23 9.03 12.22

RZp-4 (a - 17) 0.230 0.503 2.00 3.91 6.36 9.23 12.45

p.c.r 0.229 0.574 1.99 4.11 6.56 10.2 14.23

ezp 0,230 0.570 1.9 4.18 7.11 10.77 15.18

32-03 12-4 0.821 2.09 3.93 13.7 22.2 2.1 43.4

Zzp-d (a - 12) 0.616 2.07 6.99 14.1 23.1 34 0 46.6

p.c." 0.828 2.06 7.06 14.5 74 3 36.1 20.0

ZT 0.530 2.05 7.10 14.9 23.2 38.1 33,6

CO-0 12-4 0.224 0.542 1,73 3.40 5.48 7.93 19.72

Kzp-6 (a - 17) 0.224 0..'42 1.74 3.39 5.45 7.88 10..32

p.c.r 0.224 0.538 1.76 3.32 5.76 8.44 11.53

O.p 0. 2201 0.537 1.77 3.57 1 s9 8.70 11.99

K2("02 12-6 0.28Z 0.692 2.21 4.32 19.96 10.09 13.65

l.p-4 ( - 17) 0 55 " 4.'n I-.-2! ': ** .;;:

p.¢.r 0. 24 0.091 2.21 4.35 7.05 M24 13.90

xp 0.294 0.690 2.21 4.37 7.11 10,34 14.16
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