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Cornell F l uid M echan ic s 

FUNDAMENTA L INVESTIGAT .tON OF NONSTEADY 

AND NONEQUILIBRiUM FLOW 

Cornell Aeronautical Laboratory, Inc. - Phase 1 

G. Rudinger , Phase Leader 

Introduction 

This study deal s with the extension of theoretical and experimental 

methods for the analysis of problems involving n0nsteady and nonequili­

brium flows. At present, two-phase flows are being investigated in which 

a gas carries along a large number of smal l particles that are evenly dis­

tributed over the cross section of a duct. The temperature and velocity 

of the particles cannot follow rapid changes of the conditions in the gas, 

and ;f the particles represent an appreciable mass fraction of the mix­

ture , their response to the flow changes, in turn, affects t1.e carrier 

gas. Considerable d~viation from equilibrium may oc cur, and there 

exists a need to investigate such systems both theoretically and experi­

mentally. 

1 
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Cornell Fluid Mechanics 

Discussion 

The shock-tube experiments to determine the effective drag coeffi­

cient under the conditions of two-phase flow have been continued. A small 

glass shock tube of about 1 cm diameter, as described previously, 1 was 

completed. Particles were injected near the diaphragm sect~on by means 

of a syringe injector. The injection rate was measured by 1ecording the 

time in which the piston of the syringe travels a known distance, and the 

rate of airflow was measured by means of a sonic orifice, so that the ini­

tial composition of the gas-particle .L~~ure in the tube could be deter­

mined. Instantaneous particle concentration was recorded by means of 

light scattering, and the pressure was measured with a conventional 

transdul..'.er. A second, upstream, light-scattering measurement served 

to check the uniformity of the particle distribution before passage of the 

shock wave. A second pressure transducer allowed the average shock 

speed to be measured with a microsecond counter. 

Preliminary experiments indicated reasonably uniform particle 

concentrations for periods of several tens of milliseconds; superposed, 

high-frequency random fluctuations, produced by the statistical distri­

but:on of the particles across and along the duct, could be reduced on the 

records by a low - pass filter. 

The experiments were carried out with spherical glass beads of 

about 30 ~ diameter which were injected at a rate of about 0. 7 grams/ sec. 

2 
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Cornell Fluid Mechanics 

Air was introduced into the shock t ube at a rate of several grams per 

second. The resulting initial flow velocity in the shock tube was of the 

order of 30 m / sec and was high enough to prevent particles from stick­

ing to the wall. The particle-to-gas mass ratio was varied between 

about O. 16 and 0. 24, and the shock pres sure ratio between about 1. 1 

and 1. 3. 

A number of records we re obtained and the re la ti on ship between 

the effective particle drag coefficient and particle Reynolds number 

evaluated. The resultant co:.-relation differs markedly from both the 

classical Stokes drag and from the cus tomarily used drag coefficient 

for single spheres in steady flow, but agreed quite well with prelimi­

nary data obtained previously by a somewhat different shock-tube 

technique. 
2 

Although this agreement is gratifying, the re are some aspects of 

the present method that should b~ clarified before the results can be 

accepted as correct. From the shock velocity and the initial compo­

sition of the gas-particle mixture, it is possible to compute the 

equilibrium concentration of the particles. This value was found to be 

consistently lower than that obtained from the light scattering records. 

Such an effect might be produced by the shock-tube boundary layer, 

but since its mechanism is not clear at this time, a correction can-

not readily be made . For the stronger shocks, the pressure was cor­

rected for boundary-layer effects by subtracting from the recorded 

pres sure rise the rise obtained for the same shock strength but without 

3 



Cornell Fluid Mechanics 

particles . Because of the uncert.~dnty of these needed corrections, only 

the early part of the relaxation zon e was evaluated where they are likely 

to be small . Rather than trying to obtain better estimates for the cor­

rections, it seemed preferable to r e·duce the boundary-layer effects 

by increasing the size of the shock tube to a diamet er of about 2. 5 cm. 

At this size, the required gas and particle flow rates would still not be 

excessive. Since the developed experirinental techniques have proved to 

be satisfactory for the small tube, no difficulties on this account are 

expected with the larger one. Such a shock tube is currently being set up. 

In connection with the injection of particles mtn a compressible 

flow, it appeared interesting to analyze this probelm in a more general 

form. 
3 The analysis is similar to that for heat addition to a gas. As 

the particles are added to an initially subsonic flow, the flow is modi­

fied both upstream and downstream of the region of mass addition in a 

manner which depends on the gas supply system. A number of rela­

tionships for such flows have been obtained, but their significance, for 

example for pneumatic conveying of small particles, is not yet clear. 

A paper on the effect of finite particle volume on the dynamics of 

gas-particle mixtures, which had previously been submitted to a journal, 

has been publi-:hed. 
4 
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Johns Hopkins Fluid Mechanics 

INVESTIGATION OF TURBULENCE 

The Johns Hopkins University - Phase I 

Leslie S. G. Kovasznay 

Introduction 

Following the decision by Project SQUID to terminate the contract by 

September 30, 1965, we have concentrated on obtaining the maximum results 

out of the equipment. One problem (A) has terminated and the other (B) will 

continue on a "no-cost" extension. 

Discussion 

(A) fustability and transition due to solita-:y disturbance. The successful 

series of experiments which were reported during the last progress report 

were analyzed and very interesting results were obtained. 

7 



Johns Hopkins Fluid Mechanics 

A laminar boundary layer on a flat plate under zero pressure gradient 

was excited by a three-dimensional disturbance. The disturbance was small 

enough so that the boundary layer would not become turbulent at the point of 

generation of disturbance. The growth of the disturbance was studied. 

The experimental rP.sults clearly showed a systematic variation of the 

flow pattern from the distance of the plate. This indicated a gradual phase lag 

between layers with increasing distance from the wc>.11. 

The contours of maximum amplitude ever attained clearly showed the 

saddle point predicted by theory ( Criminale and Kovasznay (1) ). 

The results were submL:ted as a part of a Ph.D. dissertation by B. R. 

Vasudeva. A SQUID Technical Report is in the final stages of preparation. 

(B) Plasma turbulence measurement. As already stated in the preceding 

progress report, rather extensive performance tests of the new, 6-inch I. D. 

shock tube were conducted using nitrogen as working fluid. 

In April, similar though less extensive, tests were made with three 

other gase s--argon, helium, and nitrogen. In these tests the streak camera 

was again used. Briefly, the speed measurement results were as follows: 

the wave veloci yin hydrogen was the highest (reaching nearly 90 mm/t,L sec 

momentarily at a pres sure of 5(1 µ. Hg) followed by helium (about 40 mm/µ. sec 

at 50 µ.Hg). Wave velocities in nitrogen and argon were much lower and 

8 
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J ohn s Hopkins Fluid Me chanic s 

approximately equal {about 20 mm/µ sec, maximum at 50 µHg). As far as Mach 

numbers were concerned, hydrogen gave the highest, followed by helium, then 

nitrogen and lastly, argon. E. G., at a pressure of 200 µ Hg, and at a location 

seven inches downstream of the discharge section, the Mach numbers were approxi­

mately: hydrogen 25, helium 18, nitrogen 15, and argon 13. 

Streak camera photographs using a transverse slit configuration provide 

a visual record of the time history of the plasma. Nitrogen only was used in this 

series. Essentially these pictures show that in the range of variables of most 

interest the luminous front is immediately followed by a very non-uniform region 

with a length of the order of half the tube diameter. Following this region is a 

much more uniform slug of highly luminous plasma of the order of one tube 

diameter long. Behind this slug the luminosity drops off gradually. 

After th~ foregoing tests it was discovered that five of the eight Pyrex 

pipe sections in the discharge section of the shock tube we re severely cracked. 

All the Pyrex pieces in the discharge section were then removed so that the 

walls were now composed of the plastic rings which formerly enclosed the 

Pyrex pieces. New st~eak camera tests were made to see if there were any 

changes in the shock speed and general properties. There were no striking 

differences although there were some changes greater than the experimental 

uncertainty. 

9 



Johns Hopkins Fluid Mechanics 

Magnetic pr obe tests were made us i ng all four gases. The primary 

purpose of this s r 'es of tests was to select the mos t suitable gas for all 

subsequent work. An external magneti c field was provided by a permanent 

magnet of approximately 350 gauss, The tests showed that helium and hydro­

gen gav e decidedly larger p r obe si gnals than argon o r nitrogen. Becc:Ll.lSe of 

it s generally better probe s i gnal-to-noi se ratio and safer handling properties, 

helium was chosen as the gas to be used. 

A field coil was designed and constructed to replace the permanent 

magnet ' n providing the external magnetic field. This coil consists of two in­

dependent halves, each of 52 turns, would on a twelve-inch core. One can be 

placed above the expansion section of the shock tube and the other below it to 

provide a transverse magnetic field. On the other hand, the two halves can 

be joined t ogether and placed coaxially over the expansion section to provide 

a longitudinal field. The larger coil diameter, of course, provides a more 

nearly uniform magnetic field over a large z:egion of the expansion section. 

Current f'>r the coils is provided by four 7. 5 microfarad capacitors 

in paral e l. When these c apacitors are charged to 10 k. v., the coil pro­

duces a transverse magnetic field of approximately 2, 000 gauss or a 

longitudinal field of about 3, 000 gauss. 

A variable time delay unit was inserted into the triggering circuit so 

that the fie ld coil capacitors would be triggered fi r st. The shock tube 

10 



Johns Hopkins Fluid Mechanics 

i t self is then fired at such a time when the plasma would be moving already 

hrough the magnetic field region when the fie l d is at its peak and is almost 

steady. The ringing frequency of the magnetic field circuit is low enough 

tha the field strength is virtually constant during the passage of the plasma 

slug. A brief series of tests with helium showed that a transverse magnetic 

field of approximately 2, 000 gauss reduced the luminous front velocity by 

about 20% at an initial gas pressure of 200 µHg. At 1, 000 gauss the effect 

was 1."luch .smaller. At a pressure of 500 µHg the effect was below the 

experimental scatter. 

Up to this time, all magnetic probe signals obtained under identical 

conditions in the shock tube contained some rather reproducible fluctuations 

that could not be regarded as true turbulence. Therefore, a turbulence­

generating grid was built and inserted into the shock tube immediately 

downstream of the last electrode. The grid was constructed of brass 

strips set at an angle of attack of 15° with respect to mean flow direction 

in order to generate vorticity more effectively than by a wire mesh screen. 

Luminous front speed measurements were then made ·.vi.th the grid 

in place, with and without the ext,rnal magnetic field. The screen, of 

course, tended to reduce the luminous front velocity and also made it more 

nearly constant along the tube. The effect is less pronounced at higher 

pressures and at higher magnetic fields. 

11 
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Preliminary magnetic probe tests were then made with the grid in 

place, using helium as the test gas. The resulting probe signals display 

a larger randorn component superimposed on repeatable waveform. 

Lat ely, a conductivity probe of the plasma was developed. The 

method was originally developed by Dr. Gross in his Ph.D. thesis at 

Harvard University, and it is based on the detuning of an RF oscillator 

due to conductivity outside the core. A 30 me oscillator has been built 

and a 30 me F. M. discriminator purchased and calibrated. A probe which 

should be suitable for the conductivity measurement bas been built inside a 

Pyrex tub0 having an electrostatic -~hiald for the probe. In the immediate 

future, the conductivity probe will be calibrated and then the conductivity 

measurements will be made in the shock tube. 

References 

( 1) Criminale, W. O. and L. S. G. Kovasznay, "The Growth of Localized 

Disturbances in a Laminar Boundary Layer", Jour. Fluid Mech. 

Volume 14, Part 1, pp. 59-80, ( 1962). 
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SHOCK WAVE SEPARATION IN _GAS MIXTURES 

Princeton University - Phas e XIII 

J . B. Fenn, D. G. H. Marsden, J. H. Chang, A. L. Cooper, 
J. B. Anderson, G. Maise 

Introduction 

This program comprises an investigation of the species separa:·ion in 

small supersonic jets which was reported ten years at(O by Becker and his 

associates in the first of a continuing series of papers ( 1 ). The effect, 

confirmed by Waterman and Stern (2) and by Chow (3) shows up as an in-

crease in the concentration of heavy species, relative to the nozzle gas 

composition, in the gas withdrawn through a sampling probe immersed in 

the jet issuing from the nozzle. The generally accepted mechanism for 

explaining the separation has consisted in the idea 'hat the lighter species 

migrated from the jet axis at a greater rate than the heavy specie s result­

ing in a relative depletion of light species. Early results in our laboratory 

indicated that at least under some conditions the separation was due to the 

pr~sence of the probe and could not be accounted for by species migration 

in the undi sturbed jet. We found that when the shock wave caused by the 

13 



Princeton Fluid Mechanics 

probe was attached to or "swallowed" by the probe inlet the sampled gas 

had the same composition as the original gas (4) . When the shock wave was 

detached the sampled gas was richer in heavy species than the original gas. 

Recently , Sherman has examined theoretically the extent to which diffusion 

processes within the jet can affect the composition of the jet gas (5). He 

arrived at an equation for center line composition equivalent to the results 

of an ~arlier analysis by Zigan (6) and shows that at least on the jet axis 

the enrichment of heavy species which has been observed experimentally is 

many timt>s greater than can be accounted for by diffusion in the jet. 

Discussion 

We are attempting to examine the probe-induced separation effect under 

conditions which are more tractable analytically than those obtaining with 

the conical sampling probes first used. We have chosen a hemispherical 

shape with a very small orifice at the stagnation point. The composition of 

the gas in the probe is determined by simultaneous pressure measurements 

with an Alphatron which is composition sensitive and a McLeod gauge which 

is not. We have established that we can determine a steady state composi-

tion of gas in the sampling probe which corresponds to a zero sampling 

rate. Therefore, we are reasonably confident that we are measuring the 

composition of the undisturbed stagnation region. 

14 



Princeton Fluid Mechanics 

M~asurements with a range of helium argon mixtures have shown a 

pattern of probe -induced separation effects which is very similar to those 

reported by Reis and Fenn. The concentration of argon in the stagnation 

region gradually increases with increasing nozzle-probe distances to a 

maximum value and then falls off to zero. At very large distances we have 

observed under some conditions so-called negative separation, i.e., an 

excess concentration of helium instead of argon in the probe gas. These 

experiments have been done with a range of probe sizes and nozzle sizes 

as well as gas compositions. We are accumulating a catalog of data from 

which we will try to extract some general correlations which will hope-

fully lead to a suitable theoretical analysis. 

More recently we have been making measurements with the probe off 

the axis of the jet. These measurements are interesting and important 

because they shouid help establish whether and to what extent there may be 

diffusive separation in the jet, a question which is still not settled to 

everyone's satisfaction. By total pressure measurements with pure gases 

we have found that the Mach number distribution in the jet flow field corre­

sponds very closely to the theory along stream lines as far as 45 degrees 

from the jet axis. Moreover, the preliminary separation results indic~te 

that for a given Mach number the stagnation zone composition is the same 

on all streamlines. It would seem, therefore, that the free stream com-

position is uniform throughout that portion of the flow field which we have 

15 
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Princeton Fluid Mechnaics 

so far examined. Of course, we cannot detect nonuniformities less than 

about one per cen r of argon . 

We have also c:ontinued our study of the anomalously high stagnation 

thermal recovery factors which we b e lieve are asso ciated with the species 

separation effect (7). We have found that the maximum recovery factor for 

a particular probe Knudsen number alway s occurs when the nozzle gas com-

prises .. 2 per cent argon and 88 per cent helium . Results with nitrogen­

hydrog,m mixtures show a similar maximum at 93 per cent hydrogen and 

7 per cent nitrogen. At comparable probe Knudsen numbe r s the maximum 

value of the recovery factor with nitrogen-hydrogen mixtures is greater 

than with argon-helium mixtures, e. g., 1. 55 vs. 1. 25 . 

References 

( 1) Becker, E. W., Bier, K., and Burghoff, H., Zeit. Naturforsch. 10a, 

565, (1955) and many subsequent papers 

(2) Waterman, P . C. and Stern, S. A. , J . Chem. Phys., l!.? 405 (1959) 

(3) Chow, R. R., I. E. R. Tech. Rpt. HE-150-175, University of 

California at Berkeley, November 1959 

(4) Reis, V. H. and Fenn, J. B. , J. Chem . Phys . , 39, 3240 (1963) 

(5) Sherman, F . S., Phys. Fluids, ~ . 773 (1~65) 

(6) Zigan, F . , Zeit . Naturfo rsch. , 17a, 772 (1962) 
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Mixtures", Phys. Fluids (J ul 1964) 

16 



Virginia 

INELASTIC MOLECULAR COLLISIONS 

The University of Virginia - Task Order 1 

John E. Scott, Jr., Chief Investigator 
John F. Moonan 

Harold S. Morton, J :r . 
John A. Phipps 

Introduction 

Fluid Mechanics 

This research program makes use of molecular beam techniques enabling 

the examination of individual molecular collisions leading to the transfer of mo­

mentum and energy and to chemical reaction. The collision phenomena which can 

be effected in molecular beam experiments are closely related to those involved 

in chemical reactions and to those occurring in high speed flight in rarefied at­

mospheres. The use of an aerodynamic, or nozzle, beam source provides intense 

beams with attractive properties. In addition, the nozzle beam system provides 

unique capabilities for the examination of relevant problems in fluid mechanics; 

e. g., the transition between collision dominated (hydrodynamic) and collisionless 

(free molecular) channel flows. 

Discussion 

As indicated previously ( l) the distribution of speeds in beams of Argon 

from a nozzle source have been measured with the mechanical velocity selector 

as a function of the nozzle source density and the nozzle -skimmer separation 

17 
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distance. Da ta were ta k en a ver th e ent i r r a ng of no zzle- s kimmer s e pa ration 

(very sma ll to ve r y la r ge ) for e a ch source d ensity . Unfo r t u11 a.i. ly, the bea r ings 

on the mechanical ve loc ity s e lect r fa ile d a ft e r t e st s w ith o n ly three va lue s of th e 

source density ha cl be en c omple ted . Howeve r , r educt ion of the s e da ta y ie ldf;d 

the following results : At a given source de nsity , the transmitt ed d iffo r e n ·~ial in­

tensity distribut ion (numbe r of atoms pe r s e c ond p e r unit s peed inte rval ente ring 

the detector) be c ome s more narrow as nozzle- skimmer s ep r a t ion distanc e in -

creases. At small nozzle- skimmer s e para tion, 11 skimmer int e rfe r ence" effects 

result in a rather broad differential intensity distribution. At large nozzle -

skimmer separation, trans . ational "freezing" in the freely expanding jet is ob­

served beyond a critical distance which increases with increasing source density. 

During the report period, emphas i s has been placed on d e terminirg tre rela­

tionship between the transmitted differential intensity and that incident on the me -

chanical velocity selector . This effort, which is purely analytical i u nature, in­

volves the evaluation of the integral of the product of the velocity selector ad­

mittance function (determined by selector geometry) and the incident differential 

intensity over the speed interval transmitted by the selector. If the thermal 

spread in the incident beam is large, this integral is easily e valuated and has 

been checked experimentally (2) . On the other hand, if the thermal spread is of 

the same order as the transmitted speed interval, evaluation of the integral is 

very cumbersome. Such evaluations have been made, however, ove r a wide range 

of values of thermal spread in the incident beam. Furthermore , a s e ries expan­

sion approximation of this integral has bee n shown to agree sati sfactorily with the 

"exact" evaluation. In general , the effect of selector admittance is to broaden the 

trcLnsmitted differ e ntial intensity distribution by an amount which incr eases mark­

edly with decreasin g the rmal spread in th e i n ident beam. B eam divergence; 

18 
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' .. . 

i. e., imperfect beam collimation, results in the same effect. Calculations of the 

influence of beam divergence oa the transmitted differential intensity distribution 

have been made under the assumption that the beam intensity is uniform over the 

detector aperture. Application of the corrections to the transmitted differential 

intensity distribution for selector admittance and for beam divergence result in 

values of the thermal spread in the incident beam which are in reasonable agree­

ment with results obtained in Princeton and in Karlsruhe. Experimental verifi­

cation of the beam divergence correction is currently under way using more highly 

collimated beams than have been examined heretofore. 

As indicated in the last report (1), Morton has developed a method for com­

:r,uting a more complete set of the properties of the free-molecular orifice flow 

field as functions of position. These properties include not only the density, stream 

ing velocity and temperature, but also the several elements of the pressure tensor 

and the components of the heat flow vector as well. This will provide a more com­

plete, once-and-for-all, characterization of the flow field than is presently avail­

able. These results will be used to obtain (through numerical integration) Knudsen­

number-dependent corrections to tl e distribution function at points downstream of 

the orifice through the use of an improved Krook-type collision term, the so-called 

ellipsoidal statistical model (3), which specifically requires a knowledge of the 

pressure anisotropy and which permits the Prandtl number to have a value different 

from unity. Although the machine programming is under way, no numerical results 

have been obtained as yet. However, preliminary calculations indicate that this 

somewhat more complicated collision term will provide appreciably better agree­

ment between the theoretically-predicted and experimentally-olEerved effusion-type 

beam speed distributions. Experimental data of this type has already been obtained( 

19 
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Such comparisons, to be completed in the near future, should be useful in estab­

lishing the limits of validity of the Boltzmann-like kinetic equation approach to a 

wide variety of problems in gas dynamics. 

References 

l. Project SQUID Semi-Annual Progress Report, pp. 15-18, 1 April 1965. 
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A.R.A.P. Transport and Transfer Processes 

FUNDAMENTAL STUDY OF DYN.AlVIICS OF GASES AND PLASMAS 

Aeronautical Research Associates of Princeton, Inc. - Phase 1 

Dr. Guido Sandri, Phase Leader 
Dr. Arnold Kritz , Senior Physicist 

~r. Roger D. Sullivan, Associate Consultant 
Prof. Edward A. Frieman, Senior Consultant and 

Professor of Physics, Princeton University 
Mr. F:. Schatzman, Physicist 

Introduction 

The general purpose of our program is to give a solid theore­

tical handle on the flows of the multicomponent, chemically 

reacting gases and plasmas that are of central interest to power 

generation and propulsion, high-altitude-high-speed flow and space 

physics. 

Kinetic relaxation model equations are c0~structed and shown 

to be an approximate form of the lowest order equation of the BBGKY 

hierarchy (1) (an equation derived without approximation from the 

Liouville equation). The model equations are also an approximate 

form of the Boltzmann kinetic equation (an equation which is 

completely valid only for dilute hard spheres). Generally, in the 

stud;y .. of transport properties the approach is to introduce as few 

approximations as possible in establishing the kinetic equations 

but then, because of the nonlineari ty of the kinetic equations, 

many approximations are required in the mathematical solution. 
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Because these approximations tend to be of a mathemat i cal rather 

than physical nature, the validity and applicability of the 

deduced transport coefficients are difficult to evaluate . The 

deduction of transport properties from the relaxation mod~l for 

the kinetic equation requires most of the assumptions at t he 

stage of obtaining the kinetic equation and not in the mathema­

tical solution which is relatively simple. Consequently, the 

assumptions are mostly physical rather than mathematical and, as 

a result, are easier to widerstand. 

Discussion 

The kinetic equation employed in this study (2)-(7) 

ofi Mi - fi 
--= 
Ot Ti 

(no inhomogeneiti~s) 

(where u and T are determined by the conservation of momentum 

and energy laws), requires that the gas be close to equilibrium. 

The transport coefficients are obtained for an inhomogeneous gas 

(in steady state) by studying the solutions for times of the 

order of the size of the inhomogeneity divided by the thermal 

velocity (L/vth). This is the time required for the weak inhomo­

geneities to be smoothed out by viscous, conductive, and 
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diffusive dissipat i on. The assumptions involved in employing 

the relaxation model are discussed. 

The kinetic equations employed require parameters which can 

be related to physical parameters such as t he collision f requenc½ 

ratio of specific heats, and chemical reaction rates. The 

kinetic equation parameters are expressed in terms of the experi­

mental observables, mutual and thermal diffusion, viscosity, and 

thermal conductivity. For gaseous binary mixtures (either inert 

or reacting), only three kinetic parameters are needed, so that 

required relationships between the four experimental observables 

must be satisfied. 

For inert mixtures we have used three kinetic parameters, 

-r1 , -r2 and r 

viscosity 

The results are summarized as follows: 

mutual diffusion Dl2 = ~Tnl n2 (:1 + ~ ) 
n -.Pl P 2 

t hermal ~!ff usion DT = {
-r2 -r1} n1n2 

fkT - - - ~ m2 m1 n 

3 2 

thermal conductivity A (~ - 2r)k
2
\-r;:

1 -r 2n2) n kDT 
= 

+ ~ - nln2Dl 2 

The t emperature T is defined by 

nl n2 
T2 -T +-

't" 1 1 't' 2 
T = nl n2 

+ -
-rl 't' 2 
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Thus we have a de scription of transport phenomena when the temper­

atures of the two constituent s 1iffer. The equation for the 

viscosity and mutual diffusion ar e used to obtain T1(T), D12 ) and 

T2(T),D12). These are . used in the equation for DT to obtain 

f(T),D12,DT). Substituting the results in the expression for A, 

we obtain A(T),D12 ,DT). The validity of this relationsh:t.p has 

been investigated numeric~lly (8)-(9). 

Reacting gaseous mixtures are considered in which either 

excitation or dissociation-recombination are occuring. The right 

side kinetic equations, the collision terms, employed for a 

mixture of 02 and 0 are 

Ml fl 2K2n2 Ml - 2K1n1f 1 + 
Tl nl 

and 
M2 - f 2 

2 Klnl 
M2 - K2f2 + 

T2 ~ 

where the subscripts 1 and 2 refer to 0 and o2 respectively. 

This deP;liption of the chemically reacting gas yields 

expressions for the observable transport coefficients which have 

the same form as those for the inert gas mixture but with T 

replaced by T 1 where 

1 1 1 
- = 
T 1 T 

1 1 

Since the temperature dependence of T differs from that of T 1 , 

the validity of the kinetic relaxation model for gaseous 

reacting mixtures can be checked. 
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(1) 

( 2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 
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Brown Transport and Transfer Processes 

RESEARCH ON THERMODYNAMIC AND TRANSPORT 
PROPERTIES OF GASES AT HIGH TEMPERATURES 

AND PRESSURES 

Brown Universi ty, Provi dence, Rhode Island 

Prof. J . Kestin, Di v. of Engi neering 
Prof. J . Ross, Dept . of Chemistry 

Prof. S. Kim 
Mr. R. Di Pi ppo 

Dr. G. D. Flynn 
Mr . J. Gracki 

Hr . Y. Kobayashi 
Dr. J . H. Whitelaw 

Hr. R. T. Wood 

Introduction 

The research program is concerned with the precise determination of 

the transport properties of gases and with their utilization for the im­

provement of statistical-mechanical theories for the calculation of these 

properties from a small number of molecular co~stants. The project is 

co-sponsored by the National Science Foundation. 

Discuss ion 

A. Fi rst torsional vi scometer. Thi s i nstrument has been react i va·ted for a 

short period of t ime in order to i nvest i gat e the poss i bility of the existence 
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of a re axa ·on effec in iqu d wa er . th s bee rep rted by J . R. 
Moszynsk ( ran ASME C, vol . 83 , 96 , p. hat the vs o "t y o 

"q i d wa er a a mospher c p essure and o0 appears o decrease by 2\ 
when measuremen s are made after a press re y l e . More p ec ely, when 
meas emen s were made after the 

he au 
s r men h d j s been t · ed w· h water, 

l.005 cpo se or 
was ob ai ned . The sample was subseq en-c y s 
cons1s . ng ·n pres u . z ng .it o 3~0 for a m 
. hep essure o a mospher c . Meas rement af 

0 . 989 cpo ' se 
showing a decrease fat eas . %. 

o. 840 

bjec ed o a pressure c.ycle, 

i day ors and .in re easing 

e ha cycJ e y ' e ded a value 

he pre eding obse vation led o spec l a ins about the possible 
exi stence of a slow relaxation proces produced in "qu ·d wa e1• by pressure 
cy le • Si.multaneously, the explanat ·on was advanced that the effect might 
be due to an i crease in the amount fair di ssolved in wa er caused by the 
pressure eye e . 

We have now repeated the moasurement unde carefully ontro led con­
di ns and ascer ained ha no su h re axa on effects ould be detec ed, 
We hav al o as er a ned ha he is os y of l .' q i d wa er s nsen lVe 
o he amoun far diss ed in · t . 

Te preceding observations are of 0 mpor ance for the general under-
andi ng of he ructure of l qu ds and for he assessment of the suita-

b y f qu d water o serve as e gn ' zed s andard of viscosity . 
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B. Second to:3ional viscometer . The i ns trument continues to be used for the 

det erminatio·11 of the viscosity of binary mixtures at 20°c and 30°C and at 

pressures of l ~~ 30 atm . During the present run we have completed the work 

on the mixturer; 

He-N2; N2-co2; Ar-CO2; He-Kr. 

At present, ~ork continues on the mixture : Ne-CO2. 

C. Third torsional viscometer . The instrument has been brought to full 

operational conditions and the t · • t series of measurements has now been 

satisfactorily completed . Several mi nor diffi culties have been encountered 

and removed, and it can be asserted that the i nstrument has so far fulfilled 

all our expectations . 

Any one series of measurements must be performed with a fixed spacing 

between the two plates. This means that the range of values of viscosity 

which can be determined with a single setting is restricted, because gases 

of a viscosity higher than a certain flexible upper limit lead to very high 

damping. Consequently, the number of oscillat i ons per cycle decreases, and 

the precision declines. The first seri es was performed with the smallest 

spacing, because the viscosity of any gas is lowest at room temperature, 

increasing with an increase in temperature . Thus the full precision can be 

maintained up to a maximum temperatur e wh i ch i s different for each gas. 

With the present spacing we covered the fo lowing isotherms: 

co2: 2s, 30, so, 75, 100, 150, 100, 200, 210, ~so, 300, 400, soo0 c 

N2: 25, 30, 50, 75, 100, 150, 180, 210, 250, 300, 400, S00°C 

Dry air: 25, 50, 75, 100, 150, 180, 210, 250, 300, 400, soo0 c 
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He: 25, 30, so, 75, 100, 150, 180, 210, 250, 300, 4OO°c 

Ar : 25, 30, 50, 5, 100, 150 , 250, 3OO°C 

Kr: 30, so, 75 , 100, 1so, 100, 2OO°c 

Ne: 25, 30, so, 75 , 100, 150, l8o0 c. 

The ins trument wi l l now be di smant l ed, i nspected, and re-assembled 

wi th the next wider spacing . This w·11 enabl e us to proceed to temperatures 

i n excess of 500 C, hopeful ly t o 0OO°c . 

A statistical-mechani cal analysis of t he pr ecedi ng body of data is 

now ·n progr ess . I t can, however , be reported in a prelimi nary way that the 

const ants a and t for a Lennard-Jones pot ent i al derived from the preceding 

data on viscosi t y do not reproduce the best measur ements on second virial 

coefficients . Th i s confi rms that the Lennard-Jones potential i s not uni­

versally vali d . Nevertheless, i t s use for i nterpol ation purposes seems to 

be j ustified . 

D. Capi llary flow viscometer . Prelimi nary measurements have been made on 

the viscosi ty of ni trogen at - SO°C i n the new l ow-temperature thermostat. 

These measurements extend over a range of pressure up to 170 atm and agree 

very wel wi th previous measurements made under these cond i tions . Measure­

ments on this gas and others .will be made at lower t emperat ures . 

E. T eory of he t hermal conductivity of a moderatel y den5~~• The work 

on t he s bj ect has been descr ibed previously . An art i cle h;is been prepared 

and subm ' tted for publicat on t o t he J . of Chem . Phys i cs and is be i ng 

prepared as a Pr o ·ec Squid Technical Report . 
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F. Non-equilibrium effects in chemical kinetics. In collaboration with 

Dr . N. Snider of Cornell University a study has been made of the relation 

between various poss ble definitions of rate coefficients. A rate equation 

derived from the Boltzmann equation leads to theoretical rate coefficients 

which are statistical averages of reactive cross-sections . The distribution 

funct i ons used in these averages may contain non-equilibrium contributions. 

The ratio of the forward to the reverse theoretical rate coefficient does 

not in general equal the equilibrium constant. However, it is possible to 

re-arrange the rate equation and to obtain rate coefficients which do obey 

this relation at all times. It is the latter coefficient which the chemist 

usually measures . These re-arranged rate coefficients depend not only on 

relative cross-sections but also on inelastic cross-sections. It is believed 

that account must be taken of these effects in fast reactions. 

An article has been prepared on the &!1bject and submitted to the J. of 

Chem. Phys . The article has also been prepared as a Project Squid Technical 

Report BRN-14-P, July 1965. 

G. Publications. The following papers have been written and submitted for 

publication: 

(1) J. Kestin, Y. Kobayashi and R. T. Wood, The viscosity of four binary, 
gaseo~s mixtures at 20 and 30°C. (To be published in Physica). 

(2) R. DiPippo, J. Kestin and J. H. Whitelaw, A high-temperature oscillating­
disk viscometer. (To be published in Physica). 

(3) K. P. Lowley and J. Ross, A Semi~:lassical theory of rotational 
excitation of a diatomic molecul~ by an atom, J. Chem. Phys. Nov. 1965. 

(4) K. P. Lowley and J. Ross, A semi-classical calculation of rotational 
excitation, J. Chem. Phys. Nov. 1965. 



Brown Transport and Transfer Processes 

(5) N. S. Sni der and J . Ross, Non-equili brium effects i n the kinetics of 
gas phase reactions, submitted to J. Chem. Phys., Project Squid 
Technical Report BRN-14-P, July 1965 . 

(6) E. F. Greene, A. L. Moursund and J . Ross, Elast i c scattering in 
chemically reactive systems, an article in "Advances in Chemical 
Phys cs': vol. X, ed. J. Ross, John Wiley and Sons, New York, 1965. 

(7) S. K. Kim, G. P. Flynn, and J. Ross, Thermal conductivity of moderately 
dense gases, submitted to J. Chem. Phys . , Project Squid Technical Report. 

H. Lectures . Professor J. Kest i n has been invited to present lectures at 

Southern Methodist University, the University of Aix-Marseille, the AVA in 

G8ttingen, and the Technische Hochschule in Braunschweig. The latter three 

will coincide with his sabbatic leave {Feb. 1966 to Aug. 1966) in France; 

they are in addition to those alrea.dy announced previously. 

Professor J. Ross presented a lecture on molecular beam research at 

the California Institute of Technol_ogy and a lecture on transport properties 

at the University of Southern California. He also presented lectures at the 

Gordon Conference on molecular beams and on the physics and chemistry of liquids. 

He has been 5.nvited to spend one semester in 1966 as Visiti_ng Van der Waals 

Professor at the University of Amsterdam. 

K. Move to new premises. The instrumentswhich operate under the direction 

of Professor J . Kestin will be relocated to the new Physics and Engineering 

Building (Barus-Holley) of Brown University. Dr. J . H. Whitelaw prepared 

lay-outs for the new space together wi th the required specification!l. The 

move will be effected in a way to m~nimize interference with measurements, 

and should be completed by the end of the year . 

During Professor J. Kestin's absence the work will proceed uninterruptedly 

under the direction of Mr . R. DiPippo . 
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MAGNETOHYDRODYNAMICS OF PARTIALLY IONIZED GASES 

Massachusetts Institute of Technology - Phase 3 

James A. Fay, Phase Leader 
w. c. Moffatt 
F. w. Frai m 
J. B. Workman 
F. c. Karins 
P. A. Croce 

Introduction 

The purpose of this research is to study both experimentall7 and 

theoretically the important gaa dynamic phenomena associated with magneto­

bydrodJnamic propulsion or power generation. The principal e.xperimental 

apparatua is a gaa-driven shock tube which generates a partially ionised 

gas vho111e nlocit7, densit7, temperature and electrical conductiTity 

duplicate■ those which might prevail in an actual device. The motion of 

thi• gu sample under the influence of magnetic forces 1• studied. The 

empbuie of the etudy 1• placed on the motion of the plaema rather than on 

it■ phyeical etate. 

Discussion 

The Faraday- accelerator, operating as a shock tunnel (as described in 
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Ref. l), has been teated at peak field strengths of 28 kilogauss and maximum 

drive current of 59 kiloamperea. The magnetic field distribution with axial 

diatance in the flow direction is one having a rapid increase to a maximum 

value followed by a gradual decrease to zero over a distance of a~out eight 

tube diameters. Three pairs of electrodes, each about two tube Jiameters in 

axial extent, could be connected separately or in parallel to the drive 

current capacitor bank. 

The gas velocity 1nto and out of the accelerator section was measured 

with an el ectromagnetic flowmeter (Ref. 2). The inlet velocity was found 

to agree reasonably well with that calculated in accordance with one­

dimensional gas dynamic considerations. For low field strengths and drive 

currents, the exit velocity was about equal to its theoretically predicted 

value, but at higher field strengths and drive currents no appreciable 1.n­

crease in velocity was observed. A measurement of the magnetic field 

induced by the drive current shoved that, at high current levels, the current 

flowed through regions of small magnetic field, giving low thrust. 

It was observed that the maximum exit velocity did not exceed the so­

called "ionization velocity," which is the velocity of an atom having a 

kinetic energy equal to its ionization energy. Whether this is a coincidence 

or a tundamental limit on the operation of such an accelerator is not 

preaently- known. 

; 

A preliminary investigation of an experiment to study non-linear Altven 

waves in liquid mercury has led to abandoning the proposed experiment. 
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Although it wns fo unu that u probe usinr, n sol ·id - stntc Hall field element 

could be used to rne asur-e t l,c- mar-ne t i. c field fluctuations caused by fluid 

motio in a steadv applied n:ap:ncti c Ce l d , the "no i r,p" of the applie d 

ma~netic fi e ld was too :~r e:=tt compar ed with the si p:nal to be meHs ured , even 

for several field map,nets avni lable i n the !Iatior1ol Mo.p.:net Laboratory at 

M. I. T. 

The theoretical study of wnll ablation i n a map,netic nhock tube has 

been completed and published as a Squid Report (Re f. 3). In addition two 

other Squid Technical reports on MHD boundary laye r problems have been 

issued (Refs. 4 and 5) as well as a report on measurements in a turbulent 

MHD flow (Ref. 6) partially s ponsored by Project Squid. 

Re ferences 

1. R. L. Leonard and J. A. Fay, " Experiments on a Quasi-Steady J x B 
Accelerator," AI.AA J. ,1, 115 ( 1965). 

2. P. A. Croce, "Shock Tube Induction Flowmeter.'' Rev. Sci. Instr. (to 
be publi :::hed) . 

3. J. B. Workman, "Insulator Ablation in Magnetic Piston Shock Tubes," 
Project Squid Technical Report MIT-39-P, July 1965 (also to be 
published in Phys. Fluids). 

4. w. c. Moffatt, "Approximate Solutions for Skin Friction and Heat 
Transfer in MHD Channel Flows," Project Squid Technical Report MIT-
36-P, June 1965 (also ASME Preprint #65-HT-15, 1965). 

J. B. Heywood and w. C. Moffatt, "The Validity of Integral Methods in 
MHD Boundary Layer Analyses," Project Squid Technical Report MIT-37-P, 
June 1965 (also, AIAA J. l, 1565-1567, 1965). 
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6. M. Sajben and J. A. Fay , "Experimen tal Measurement of t he Gro.:th of a 
Turbulent Mercury Jet in a Coaxial Magnetic Field," Pro j ect Squid 
Technical Report MIT-38-P , June 1965. 
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CHEMI-IONIZA TION 

AeroChem Research Laboratories Inc. - Task Order 1 

A. Fontijn, Chief Investigator 
A. D. Freda 

Introduction 

The main objectives of this program are to establish whether chemi-

ionization is a common phenomenon in the reactions of such speci~s as 

oxn~en and nitrogen atoms with a second reactant and to st'µdy the mecha-

nism such reactions. During the reporting period chemi -ionization was 

found to occur in a number of reactions not previously studied in this regard. 

A detailed investigation of some of the "new" chemi-ionization reactions will 

commence ithortly. 

Our work "1 the mechanism of formation of the Vaidya hydrocarbon 

flame bands emitter has been completed, and a discus~ion of this work sub­

mitted. 1 Interesting incidental observations on CN and NH emission have 

been investigated in some further detail. 

reported. 2 
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Discussion 

During our work on the Vaidya bands1• 3 it was observed that the CN red, 

CN violet and NH 3360 X band systems appeared in emission when NO was 

added to the O atom-acetylene reaction. In a more thorough investigation of 

this phenomenon, it was found that if the N atoms in the N-C2H2 reaction-­

which was known to produce these same emissions--were partially replaced by 

0 atoms, a severalfold increase in the intensity of the emissions resulted. 

These results have been discussed in detail in Ref. 2. They are explained by 

poRtulating that O atoms, in their reaction with CzH2, more efficiently produce 

precursors of the CN and NH emitters than do N atoms. It was considered of 

interest to establish whether a similar enhancement phenomenon occurs 

for chemi-ion formation in the N-0-C2H2 reaction; a study of this system 

showed no such enhancement. Instead, a gradual decrease in chemi-ion con­

centration was observed in going from an O-CzH2 system to an N-CzH2 system. 

In our ~rch for further chemi-ion producing reactions, we have now 

found that such ions are produced in the reaction between active nitrogen 

(N,toms) and C2F, to an extent comparable to that found previously" in the 

O-C2H2 reaction. Thus, for an N atom concentration of$ '1"c c-1 an ion concentra­

tion of= 1010 cc-1 was observed. Oxygen atoms also produce ions with this reactant, 

however, in smaller concentrations, i.e., for an Oatom concentration of= 1015 cc-1, 
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an ion concentTation of-= 108 cc-1 was measured. Evidence of chemi-ion 

formation in the oxygen atom-diborane reaction has also been obtained, but : 

no quantitative measurements have yet been made on this system. The 

apparatus used in this study was the Langmuir probe/wood-Bonhoeffer 

system described previously," which has now been modified by the inclusion 

of a light trap (Wood's horn} between the discharge and the reaction tube. 

Dr. A. Fontijn pre1ented lectures to the Chemistry Department of the 

University of Delaware (May. ll, 1965) and the Department of Aerospace 

and Mechanical Science• of Princeton Universityf (June 1, 1965). A talk 

ba1ed on Ref. 1 was given at the September 1965 meeting of the American 

Chemical Society in Atlantic City, N. J. 

1 • 

z. 

References 
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Bands Emitter," Project SQUID Technical Report AC-2-P, April 1965, 
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INVESTIGATION OF REACTION KINETICS 
IN HIGH-TEMPERATURE GASES 

.... 

Chemical Kinetics 

Cornell Aeronautical Laboratory, Inc . - Phase 2 

G. Markstein, Phase Leader 

Introduction 

This study is concerned with kinetics and mechanisms of reactions 

in high-temperature gases. The work has recently concentrated on 

reactions of metal vapors with oxygen. Specifically, the heterogeneous 

reaction of magnesium vapor and oxygen on the surface of growing 

magnesium oxide deposits is currently being investigated. Electronic 

excitation processes at the surface are studied by measuring electron 

emission c rrents and luminescence intensity. Work on the applica-

tion of both mass spectrometry and an electron beam probe to the investi­

gation of these reactions has been started. 
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Discussion 

Measurements of elec ~ron current and of luminescence emitted from 

magnesium oxide deposits growing by heterogeneous reaction of magne­

sium vapor and uxygen on the deposit surface have been continued. The 

work has concentrated on the effects of two variables, oxygen concentra­

tion and deposit temperature, on emission current and luminescence. As 

discussed in preceding progress reports, the deposits were grown on a 

stainless-steel capillary that could be cooled by passing a flow of nitro­

gen through it. In this way, the deposit temperature was varied between 

a maximum of about 450°C without cooling and minimum values slightly 

above room temperature. The technique of introducing magnesium vapor 

into the reaction zone has been described previously (1). The pressure 

of the argon-oxygen mixture was maintained at about O. 5 torr. A coni­

cal Lucite condenser (2) was used for collecting the luminescence radia­

tion and transmitting it onto a 1P21 photomultiplier. A shield surround­

ing the vaporizer prevented thermal and luminescence radiation origina­

ting at the vaporizer from reaching the photomultiplier, and served 

simultaneously as an electrostatic shield against AC pickup in the emis­

sion current measurement. 

The preliminary observation of closely parallel dependence of 

emission current and luminescence on oxygen concentration, which was 

discussed in the preceding progress report, was confirmed by the sub­

sequent measurements. Both variables vanished in the absence of 
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oxygen, rose to a maximum at a low oxygen concentration, and decreased 

gradually upon further increase of oxygen flow. 

However, the maximum of the luminescence occurred at a slightly 

higher oxygen percentage than that of the current. This result does not 

necessarily imply basically different mechanisms for the two effects, 

since the present method of measurement gives average values over a 

region of the deposit exposed to varying concentration of magnesium 

vapor. The oxygen-magnesium concentration ratio, rather than abso-

lute oxygen concentration, is presumably the significant independent vari­

able. Thus, the shift of the luminescence maximum to slightly higher 

oxygen concentration could have been caused by differences in the aver­

aging process for the luminescence and the current measurements, 

with the former giving greater influence to the central region of the 

deposit, where the magnesium concentration has its largest value. Modi­

fications of the technique which will allow measurements restricted to a 

smaller region of essentially constant magnesium concentration are 

planned for future work. 

A complication encountered in these measurements was the occur-

rence of relaxation effects: the instantaneous responses of emission 

current and luminescence to any sudden change of oxygen concentra­

tion were always larger than their ultimate variations ; after the ini-

tial jumps, constant values were approached by a relaxation process 

that lasted several minutes. MoreovP.r, both current and luminescence 

also changed gradually under constant conditions, due to the growth of 
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thickness of the deposit. Nevertheless, it was possible to obtain meaning­

ful results by selecting in each run a standard condition corresponding to 

a particular oxygen concentration and the deposit temperature attained 

without cooling. This condition was reestablished frequently, so that the 

values corresponding to other oxygen concentrations and temperatures 

could be referred to interpolated standard values. 

The present measurements confirmed earlier results, discussed in 

the preceding progress report, which had shown that the emission cur­

rent depended on deposit temperature by an Arrhenius law. The activa­

tion energy of about 0. 44eV did not vary noticeably with oxygen concen­

tration. The luminescence intensity was found to be much less 

temperature-dependent, and, moreover, an increase of luminescence 

level with decreasing temperature was observed under some conditions. 

The results are as yet somewhat inconclusive, but the observed trends 

seem to favor a negative temperature coefficient of luminescence for 

low oxygen concentration and a positive coefficient for high oxygen con­

centration. 

One of the most important independent variables that characterize 

the heterogeneous reaction process investigated in the present work is 

the magnesium concentration. However, no satisfactory method for 

measuring this variable has yet been developed. Work on the use of a 

mass spectrometer for measuring m a gnesium concentration has been 

continued, but has thus far been unsuccessful. Sampling through a 

heated orifice did not appreciably increase the magnitude of the 
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magnesium peak. Moreover , in the course of attempts to sample gases 

containing magnesium vapor and oxygen severe irreversible contami­

nation of the i on s ource was encountered, possible due to for m ation of 

magnesium oxide deposits on source electrodes. 

While the mass spectrometer, after replacement of the ion source, 

has continued to be of great value for determining the oxygen concentra­

tion in the measurements of emission current and luminescence, the 

efforts to adapt it for measuring magnesium concentration have been 

temporarily abandoned. 

As an alternative, work has been started on the use of an electron­

beam probe, combined with optical spectrometry, for determining the 

composition of the reacting low-density gas mixture. The electron­

beam technique has been used successfully in studies of low-density 

gas flows (3, 4) and its application for the present investigation seems 

attractive. Preliminary work has been carried out wi th a commercial 

oxide-cathode electron gun that was mounted in the low-pressure cham­

ber of the differential pumping system earlier used for mass-spectro­

meter sampling. Visual observation of the beam showed that the pres­

ence of magnesium vapor could be detected by the emission of green 
0 

ratiation, presumably due to the triplet at 5167, 5173 and 5183 A. 

Thus , the measurement of magnesium concentration relative to 

that of argon should be possible by the electron-beam method. A 

problem encountered in the preliminary tests was deflection of the 
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beam by the AC magnetic field of the vaporizer heating current. Magnetic 

shielding and modification of the geometry of the electric leads to the 

vaporizer tube wi".l be used for suppressing this effect. Another difficulty 

was greatly reduced emission of the oxide cathode when oxygen was admit­

ted to the reaction chamber. Injection of a portion of the diluent argon 

(or helium) gas into the orifice through which the beam enters the reaction 

chamber will be tried is a means for preventing oxygen from reaching the 

cathode. 

To complement the experimental work, a theoretical study aimed at 

formulating detailed models of heterogeneous metal oxidation reactions is 

being started. Past work in this area has dealt almost exclu1ively with 

low-temperature corrosion problems (5, 6), while the extension to hi&b 

temperature oxidation and combustion of metals is in its infancy. More­

over, the heterogeneous reaction of! metal vapor and oxygen on the oxide 

surface, which is the subject of the present experimental work and consti­

tutes an important mode of metal oxidation, differs fundamentally from the 

oxidation mechanisms treated in z:efs. (5, 6). The latter :tnechanisms con­

cern the reaction of aP oxidizing atmosphere with metal covered by an 

oxide layer. Nevertheless , some of the participating elementary reaction 

steps, such as adsorption on the oxide surface and ionic transport within '­

the oxide, are common to the two otherwise dissimilar reaction processes, 

so that their consideration under a unifying viewpoint may be profitable. 
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REACTIONS OF IONS AND ELECTRONICALLY EXCITED SPECIES 
WITH ATOMS AND MOLECULES IN THE GAS PHASE 

Es so Re search and Engineering Company 

M. S. B. Munson and F. H. Field 

The research effort in these laboratories supported by Project SQUID 

was expended in the first half of the fiscal year, and no work has been 

done since the last semi-annual progress report (dated 1 April 1965). 

Since the last progress report, two project reports have been issued: 

"Reactions of Gaseous Ions XVI. Effects of Additives on Ionic Reactions 

in Methane II and "Reactions of Gaseous Br~nsted Acids 11
• 
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RESEARCH ON CHEMI-IONIZATION AND ION-MOLECULE RF.ACTIONS 
IN ELECTRIC DISCHARGES 

Rice University - NONR 3623 S-21 

Dr. J. L. Franklin, Chief Investigator 
Dr. P. K. Ghosh 

Introduction 

The purpose of this research is to study ion-molecule reactions and chemi­

ionization reactions at pressures beyond those ordinarily attainable in a mass 

spectrometer. By this means we hope to be able to carry out reactions of much 

higher order than those ordinarily studied and therefore to find products of• 

quite different nature than those obtained by mass spectrometry. With rare 

exceptions, mass spectrometers can seldom operate at source pressures above 

about 100 microns, and in almost all ir.stances the reaction time is limited 

to a few micro-seconds. By employing an electric discharge, ionic reactions 

should be observable at pressures up to 100 millimeters and the retention time 

in the reaction zone increased to the milli~econd range. In this way very 

extensive reactions can be carried out and probably in some systems an equilib­

rium state attained. In addition to ion-molecule reactions, various chemi­

ionization processes will be investigated and especially those brought about 

by the recombination energy of very active atoms or free radicals. By varying 

the reactants and the conditions of reaction we expect to be able to determine 

the rate~ of such chemi-ionization processes and eventually perhaps to develop 

an understanding of the rules governing them. 
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Discussion 

In order to carry out this program we will employ micro-wave, glow, and 
perhaps orush type discharges. At this time we have on hand -a microwave 
generator and have constructed a power supply for the generation of glow 
di scharges. A quadrupole mass spectrometer has been built and is now operable. 
Pre l i minary testing has been completed and the instrument appears to be 
operating according to design. The quadrupole mass filter consists of 4 
stainless steel tubes 1" in diameter and 20" long. There is no auxiliary 
ion source at this time, the instrument employing the discharge as a source 
of ions. However, the instrument is so designed that an auxiliary ion source 
can be installed later i f it l s needed. At present a conical gold plated 
aluminum sampling cone having a .03" aperture at the !!pex is used for sampl­
ing the ions from the discharge . These are tocused by means of an electro­
static lens on the entrance port into the analyzer section. The lens and 
quadrupole sections are pumped separately. Upon leaving the analyzer section 
the intensity of the focused ion beam is measured either by means of a 
Faraday cup and electrome.ter or by an electron multiplier and electrometer. 
" ith this arrangement, the instrument should be capable of handling masses 
up to 300, with a resolution of 1 pL·rt in 100. Preliminary tests show at 
least a resolving power of 1 in 86, At this time the heaviest molecule that 
has been employed with the instrument is krypton, the highest of whose i !otopes 
has a mass of 86. Thus the upper limit to the mass observable has not been 
tested, It should be mentioned that the resolution could be increased to 
about 1 part in 500 by employing a smaller orifice with, of cours e , som~ loss 
in sensitivity. 

The instrument can em~loy either strip chart recording or it can display 
the spectrum on an oscilloscope screen and this can be record ed photographic­
all y. Scan rates up to one complete mass spectrum per s econd have been 
employed satisfactorily with the rh otographic r ecorder. A mor e rapid scan 
can be obtained by u3ing an e l ec tr ic progra111t1er in place of t he pr es ent 
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mechanical scanner. At this time such a change does not appear necessary. 

In the preliminary stud~es designed primarily to test the instrument, air 

has been passed through a micro-wave discharge centered about 6 mm, from the 

sampling orifice, When pressures of 20 microns were employed the following 

mass spectrum was obtained: 

m/e Probable Ion Relative Intensiti 

14 N+ 40.l 

16 o+ 15.0 

18 HO+ 5.0 2 
28 N + 100.0 2 
30 NO+ 61.4 

32 0 + 
2 15.7 

38+ ? perhaps a metastable 3.7 

42 N + 19 .4 3 
44 co+ or NO+ 5.6 

01 
2 

48 1.5 
3+ 

56 N4 1.5 

64 0 + 1.3 4 

We are at a loss to know how to identify the peak at mass 39 unless it 

represents a metastable ion or some impurity. All of these peaks are well 

resolved to the base line, We have started a study of the effect of 

variables such as power input, pressure, and flow rate upon the various 

products, but we are unable to report results at this time. 

A very cursory study shows a reduction in the intensity of all the ions 

when pressure is increased. This is probabl • to be attributed to a reduction 

in the volume of the discharge zone causing it to retreat from the s~mpling 

orifice. The sampling nozzle will have to be re-located in order to correct 

this difficulty. 
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CHEMICAL KINETICS AND GAS DYNAMICS OF 
AT~ AND FREE-RADICAL REACTIONS 

Stanford Research Institute - Phase I 

Henry Wise - Phase Leader 
Y. Rajapakse 

K. M. Sancier 
B. J. Wood 

Introduction 

Chemical Kinetics 

Our studies on the kinematics and kinetics of gases undergoing 

ch~mical reaction are related to processes encountered in propulsion 

1ystems of advanced design. Sane of the problems of importance to gas 

dynamics include: reactive collisions of atanic species with solid sur­

faces, gas-phase reactions of uncharged and charged particles, and trans­

port properties of reacting gases. The progress made on sane aspects of 

this program is summarized in this report. 

Discussion 

Interaction of atoms with solid surfaces. The role of solid-state propertie• 

on the reactivity of solid surfaces with gaseous species represents an impor­

tant aspect of the ablation problem. In order to explore the relationship 

between bulk electronic properties and surface kinetics, we have extended our 

measurements from graphite 1 and germanium2 to silicon. The reaction studied 
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11 the for•tion of a diatomic molecule of hydrogen by the catalytic recom­

bination of atoms, Similar to the observations for germanium, the catalytic 

efficiency of several etched silicon crystals was found to be independent 

of electronic earrier type and carrier density over a range of doping levels 

extending from p-type ( 1020 holes/cm3

) to n-type ( 1020 electrons / cm 3

), 

Some progress has been •de in developing a pulse-technique for the study 

of surface-reaction kinetics, The principle of this technique is based on a 

diffusion model in which the source of gaseous reactant is located at one 

end of a cylinder and the reactive solid at some distance from the source. 

After establishment of steady-state conditions within the system, the supply 

of reactant 11 cut off. In a theoretical ar,alysis of the non-steady-state 

diffu1ion equation, the rate of disappearance of reactant is shown to be a 

mea1ure of the reactivity of the solid. Application of this pulse technique 

mi1ht employ ESR (electron-spin resonance) to follow the decay in reactant 

den1ity a■ a function of time for such species as atoms and radicals which 

Po••••• an ump,.ired electron. The principle of the method •Y also find 

application in the mea1urement of diffu1ion coefficients of atoms through 

coaplex multicomPonent mixture■. 

Roaaseneou■, 1a1-pha1e kinetics invol ·ing atoms. The kinetics of atom recoa-

bination by three-body gas-phase reaction have been measureu in recent years 

by ■hock-tube experiments. As a result, the available data apply pri•rily 

to hi1h temperatures needed for the production of the atoms in the shock tube. 

At lower temperatures, on the other hand, little information is available on 

the kinetic• of such reaction in the presence of different third bodies. We 

have completed some experiments of the rate of hydrogen atom recombination 
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at room temperature and total gas pressures up to 10 torr. As pointed out 

in a previous publication, 3 the atom flux to a catalytic probe approaches in 

the high-pressure limit a value which is independent of the probe's catalytic 

activity but inversely proportiona l to the reaction rate constant k 1 for 

the homogeneous recombination proces s. At the present time, the experimental 

results are being analyzed and the third-body efficiency determined. 

Transport properties of reacting gases. As reported 2 the effective thermal 

conductivity has been determined for gas mixtures containing atomic and 

molecular oxygen in the presence of an enthalpy flux due to surface reac­

tion. The temperature-jump analysis associated with the interpretation of 

the experimental data has led to an evaluation of the thermal accommodation 

coefficient a of oxygen molecules and atoms colliding with a surface com­

posed of a silicon-monoxide coating on a tungsten filament. These results 

are summarized in TablP. 1. It will be noted that a ~ends to decrease with 

increasing atom density, an effect undoubtedly a~sociated with the loss of 

the internal degrees of freedom of the molecule. Also as a consequence, the 

ratio of temperature-jump distance to mean-free path increases from a value 

of about 15 for molecular oxygen to 130 for atomic oxygen. A lllP.nuscript 

describing these studies has been prepared. 4 
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Table 1 

TIIIPIRATURI-JUMP FUNCTION AND 

Chemic al Kinetics 

TIIIRMAL ACCCIOIODATI<Jf cm:rrICIIKT 0, o/o, GAS MIXTURES 

Temperature-
Accommodation Mole rraction Jump Function* Coefficient of Atou I' x 10-1 

~ I• ,ec-•~ a 

0 1,18 0,17 
o.oa 1.aa 0.1a 
0.10 a.aa 0,13 
0.1a a.ea 0,13 
0.10 3,44 o.ia 
0,30 4,38 .Q. , la 
1.00 ( 11.a)** ( 0.01)** 

a - a (a-n11 RT)t x * Temp,-jump diltance • I • 1' /P • ---- a c + R a, V 

(cf, I, H, Kennard, Kinetic Theory of Ga1e1, McGraw-Hill 

look Co,, Jew Tork, 1131). 

** a, extrapolation of experimental re1ult1. 
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SOLID-PROPELLANT FLAME MECHANISMS 

Atlantic Resear ch Corporat ion - Phaae 4 

R. Friedman , Phase Leader 
A. Ma!ek 

J. M. Semple 

Introduction 

The objective of this program i1 to gain basic information pertinent 

to 1olid-propellant combustion mechanisms by studying combustion of single 

metal particles (aluminum and beryllium) injected into flame gaaes of known 

temperature and compoaition. 

Dilcu1&ion 

The 1tudy of combuation of pure spherical beryllium particles, 25 to 

35 ~ in diameter, in high-temperature gases, generated by the ga1 burner 

described in previou1 report1, baa continued. 

The primary emphasis has been on observation of various combustion 

phaaes by mean• of two optical techniques, specially developed for studie1 

of details of particle combuation mechanisms. The hot gases, into which 
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singl e metal particle are being injected ar e mostly dry, gener ated by 

combus tion of CO in o2, containing r el ativel y large (10-4~) amounts of 

exce11 o2, and having temperat res which range from zr5C, to 295cf K. An 

attempt has al so been made at a study of beryllium particles burning in 

the presence of water, but moist gas temperatures attainable by the avail­

• le equipment were somewhat too low to allow a detailed st dy. Modifi­

cations of the burner necessary for such a study may become desirable in 

the future. 

Te first optical technique, employing magnified photography 

previ usly developed for the scudy of fine details of aluminum particle 

combustion (1), has now been applied to a study of burning beryllium 

particles, and it has revealed many interesting features of the process. 

The ignition time is not nearly so sharply defined as in the case of 

aluminum. While in the case of aluminum the time necessary for the full 

development of a flane is usually O.l msec or less, in the case of beryllium 

particles of comparable sizes the corresponding time varies from 0.2 to 0.5 

maec. Tracks of brightly burning particles (fully developed flame) are about 

40 microns wide, while the typical width of the glowing particles both before 

ignition and after burnout is about 30 microns, 1 .dicating that the metal 

flame stands rather close to the surface of the particle. On the other hand, 

the diffuse luminosity which surrounds the particle d ring its burning time 

(usually 1.5 to 3 msec), which presumably comes from clouds of freshly 

fomed finely dispersed beryllium oxide, measures up to 4oo microns in 

diameter. Quantitative data of this sort -- burning time, particle diameter, 
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fl- c11 ... ter, 1.0 cloud 1iu -- have been obtained over a range of _,1e11t · 

au coapo1itiou md taperature,. Th••• re1ult1 1upport our previou1 con-

cluaion that berylliwa buru in a vapor-phue n .... part of the oxide 

colldeuiq froa the gu pbue u a fin• "•pray'' ( di ... ter of the order of 

1 11), 11141 part 011 the oriainal particle. Tb• aagnified photography, however, 

baa al10 revealed that COllbu1tion i1 not 1trictly 1pberically 1,-.trical, 

' becau•• hiah-reaolution photograph• of burning particle, in flight, u a 

rule, do 1bov a 1ligbt periodic variation in light inten1ity .at frequencie1 
4 of the order of 10 rp1, which i1 the re1ult of particle rotation. Thi• 

aa,--try i1 analopu1 to, but very aacb le11 pronounced than, the one 

ob1ened in the cue of al\alina. Ivan at very high oxnen content, in the 

abi•t au(~ or mre), there i1 little evidence of 1udden direction 

chaa•• in the path of the particle,, and no 1pectacular frapentation 

cbaracteri1tic of COllbu1tio11 of alwainua in oxygen-rich atmo1pbere1. 

the 1econd optical tecbnique, aiaed toward obtaining tiM-re1olved 

1pectra of 1iqle burning Mtal particle, i1 now under development. The 

principle behind tbia technique ii that the 1traigbt narrow track of the 

bum1111· particle, obta.ned by pbQtoarapbic tiM•expo•~r•• both elillinate1 

tbe nNd of a 1lit and provide• for tiM-reaolution. ror tbil purpo•• 

a 11nl7 acquired optically fut (f/4.5) Ril1er-Watt1 laaa11 prt• 1pectro-

1ra,b vi.th quarts optic,, covering tne 1pectral r11111• fr011 axx> to 8000 l, 
baa been aoclified in tw vaya. r1r1t, it1 leu 1y1t• bu been arranged 

10 aa to allow focu1ing 011 the burning •tal particle. Second, an arr•a•­

IMllt of airror1 baa been con1tructed llbicb allow one to obtain the direct 
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(ur.di1per1ed) photograph of the particle en the spectrogram 11.D.ultaneou1ly 

with the di1per1ed 1pectrum, a feature which 1hould greatly facilitate 

interpretation of particle 1pectra. A few attmnpt• have been made to 

apply thia •Y•t• to combuation of aluminum particle,, which are appreciably 

more l\Binoua in the vi1ible than beryllium p•rticle1. The prelillinary 

re1ult1 of thia atudy are encouraging, becau1e the al\Binua vapor lin••• 

3944 and 3961 i, are viaible in 1ome 1ingle•particle apectrogr ... The 

uin purpo•• of thil avenue of approach ii to follow the appearance ancl 

di■appearance of variou■ pertinent 1pecie1 (Be, Be+, BeO) during com• 

bu■tion of beryllium particle•, becau1e 1uch information would greatly 

+ increue our knowledge of their coabu1tion Mchani•. Be and Be have 

1troq line• in the ultraviolet, at 3321 and 313> i re1pectively, and 

leO bu a prominent band 1y1t• in the blue-gr•~• 

The i ... diate future plane, be1ide1 further development and appli• 

cation of the 1pectro1copic technique, include theoretical calculation■ 

of beryllim particle combu■tion baaed on the u■maption of vapor•phu• 

burniq of the metal. Such a calculation appear• appropriate at the 

pruat tiM becau■• of the availability of newly acquired data on 

berylliua particle burning tille1 and approximate particle and fl ... radii. 

Al10. all our re1ult1 10 far indicate that beryllium particle• do indeed 

bum by a vapor•phue mecbani• and in a fairly unifara fa■bion (ao violent 

bur1t1 of vapor expul■ion, frapentation, etc.). 
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We have been invited to submit a paper for preaentation at the 

Eleventh International Sympo1ium on Combu1tion, and w plan to do 10. 

The 1ubject of the invited paper will be combu1tion of berylliu. and 

aluminum particle,. 

1. 

Reference 

A. Ma~ek, ll. Friedman, and J.M. Semple in Heteroaeneou1 Combu1tion 
(Progre11 in Altroneutic1 end Aeronautic■, Vol. 15), pp. 3-16 
Academic Pre11, 1964. 
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