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ABSTRACT

The MGD generator electrode materials prcblem has
been greatly simplified by introducing cooling water
into the electrode stems. Runs of over cne-half hour
duration indicate a negligible recession of the surface
80 that the same electrodes can be used for several runs.
Electrical qata from the generator indicates a diffuse
current with an appiied electric field for currents up
to about 10 amperes per electrnde (current density of
about 1Aamp/bm2). Current leakage tnrough the insula-
ting brick has beén examined and some changes in brick
design and material are being made to reduce this leakage.

A more complete report than that previously given
1s made of the investigation of the influence of the
Ramsauer effect on nonequilibrium electron temperatures.
This report 1s a preprint of z Research Note that will
appear in the Physics of Fluids.

-The calculaticn of electrical conductivity by the
Chapman-Enskog method has been compared to the method of
Frost. Very satisfactory agreement has been 3hown and
the aséumptions of Frost have been glven a more rigorcus
foundation. _

Diagnostic methods have been improved with the
development of the spectroscopic line reversal technique.
Temperature measurements believed accurate to + 10°K have
been made in seeded flames.

An investigation of the effect of free stream tur-
bulence on the limiting current density at the front
stagnation point of a translating cylinder electrode was
undertaken. An effect of the cylinder diameter and whether
the electrode was cathodic or anodic was observed.

-
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INTRODUCTICHN

The present repcrt is the fourth quarterly technlcal
report written under supplemental agreement 2(63-604) to
Contract AF 49(638)-1123 which s supported by the Advanced
Research Projects Agency. Described in this report Is a
research effort Including studies of magnetogasdynamic and
fuel cell energy converslon. Thils effort Involves faculty
and students 1In the departments of Mechanical Englneering,
Aercnautical Engineering, Chemical Engineering and Chemistry.

The faculty meibers ccnt:ibuting to the program are as follows.

Magnetogasdynamics
Channel Prcfessor R. H. Eustis
Prof'essor C. H. Kruger
Dr. M. Mitchner

Shock Tube | Professor D. Bershader
Fuél Cells
Kinetic Studies . Professor D. Masor

Dr. P. van Rysselberghe

Chemisorption Studies Professor E. Hutchinson

In addition tc this report, two supplementary reports
are included which ccnclude a particular toplc of research.
These reports are the following:

Supplementary Report Number 1, "Heat and Mass Transfer
From the Surface of a Cylinder with Discontinuous
Boundary Conditions to an Incompressible Laminar Flow",
by Zeev Rotem and David M. Mascn.

111




Supplementary Report Numier 2, "Transport Properties of
Partially Ionized Monatomic Gases", Steve deVoto and
Daniel Bershader. ‘

With this report, the work Supported by cont act
AF 49(638)-1123 on fuel cells and on shock heated plasmas
1s concluded. Research in these areas 1s summarized in the
present report and detailed descriptions are given in the
Supplementary reports as well as 1in previous Quarterly
Reports. Work is continuing on studies related to Magneto-
gasdynamics energy conversion in a combustion driven generator,

iv
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I. MAGNETOGASDYNAMICS

A. Continuous Fiow Channel

1) Power Generation - As discussed in the last
progress report, the most satisfactory overill generator
performance had been achieved with uncoated type 316 stain-
less steel and molybdenum elecirodes. The estimated surface
temperatures of these materials durlng operaticn were respec-
tively 1800°F and 2200°F, and the exposed surface area of each
electrode was 0.4" by 1-1/4".

The first run of the power generatlon apparatus in the
current report period incorporated type 316 stainless steel
for all 26 electrode heads. Th= expcsed surface area'of each
electrode head was 3/4" in the flow direction by 1-1/4" normai
to the flow direction. Boron nitride insulating spacers 1/32"
thick were used between %he backside of the electrode heads and
the metallic housing t¢ increase hezt transfer and reduce the
electrode ﬁemperature. In zdditicn teo lnvesti gatifn of elec-
trode behavior, the purpcse of this test was to measure gas
conéuctivity and leakage resistances.

The following nominal run conditions were used:

combustlon-gas flow rate 0.13 lb/sec—1n2
oxidizer to alcohol ratic stoichiometric
N2/O2 ratio 1.0 by weight
seed fraction 0.01 K by weight
inlet stagnation temperature 2700°K

static pressure at exit 1 atm

gas cross-secticnal area 5.5 1n2
electrode separation distance 4.4 in

magnetlic fleld intensirty 0

Measurements c¢f electrlical resistances were made during
the preheat and post heat phases (low flow, propane fuel) as

a

well as during the principal run. Data were recor rded fcr




resistances from anode to ground (test section housirg), cathode
to ground, and anode to cathode, in 13 circuiss. Electrical
currents during the preheat phase were s¢ low as to produce nc

I'J

ammeter deflections, indicating leakage reslstances of at least
several thousand chms under these relatively iow femperaturs,
no-seed conditions.

The first 12 mlnutes of the principal run were occupled
by the usual warmup phase I¢'lowed by reccrding i voltage-
tics of all the 13 circults, The
ited linear characteristics up to
currents of 8-10 amps per circuit. The single data peint for
the highest applied vcltage ‘ndicated a corresponding lowering
of internal resistancs 3t 19 of the lSlcircuits. The l1oading
curve for the central circult is shown in Figure 1. The average
‘resultant gas resistznce at eath circult, estimated from the

current loading characteris
data from each circulr exhil
@

odiRl

slope of the loading curves and accounting for ths subsequently
measured leakage reclotances, 1S approximately 24 ohm. This
resistance ccorresponds to an effective gas conductivity of

3.9 mho/meter., Unfortunately, the conductivity of the hot gas
core cannot ke determinsd from this run because wiring from the
sidewall-pctential probes was apparent;y destroyed early In the
run by gas [low behind thne sidewall brick.

One set of data on leakags resistance from clectrode to
ground was cobtalned at a run time of 11.5 min. These data,
obtained for an applied potential of 70 volts, indicated
corresponding leakage resistances ranging from approximately
30 oivm to 400 ohm, depending on circuit location. The central
¢ircuits had the highest leakage recistances. Application of
a higher potential between electrodes and ground resulted in
the blowing of fuses In several circults making interpretation
of subsequent data difficult.

Steady-state temperature data from thermocouples in the
MgO sldewall brick were extrapolited to give a surface tem-
perature of approximately 3500°F. Based on data from thermo-
couples inside the electrode heads, electrode surface temperature



ranged from apprcximately 1400°F te 2000°F, depending on
electrode location. Total run time under the previously
tabulated flow conditions was 26 minutes.

Examination of the test section after this run showed a
dark electrically-ccnductive deposit on all electrodes and
adjacent MgO ©brick walls. Recession of most electrodes was
less than 0.01", bus
Several plts, apparently czused by local arcing, were present

i

few nad locally receded up to 0.04",

in the metallic wall c¢f the test section. Tne pits seemed

to exist at gaps betwesn ‘he boron nitride spacers (see above).
In all cases the plits were adjacent tc electrcde heads in those
circults contalning cne fuses blown during the measurement of
leakage resistances.

Although the electrode lifetime In this test was adequate
the assoclated depcsiticn of contaminant on the Iinter-electrode
brick would short the Hall field In power generaticn runs.
Thermal analysis shcwed that stainless steel electrodes cannot

be run much ccoler tnan in the above test unless the cooling
medium 1s brought clcss tc the entire heated face. It was

decided that dirsct water cooling of the electrodes was re-
guired.

The design finally selectz2d 1s 111 strated in Figure
It consists of a molybdenum head co d by conduzticon to a

at average surface tempsratures several hundred degrees F

1
e

water-cooled copper shank. The mclybdenum head can Operafe
a

lower than a similar stainlsss steel h

difference in thermal ccnductivities of the two materials.

de are connected by a
iz added to this Jolint

during assembly in order to improve contact.

The head and shark cf ihe elsctrod
threaded Joint; powdered graphite

The subseguent power gerneraticn run incorporated 26 of
the electrodes snown In Figure 2. The head size was zgain
3/4" by 1-1/4". Twe types of molybdenum were used: one was
commerclally pure, sintered molybdenum and the other wac a
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titanium-zirconium, arc-cast TZM alloy. MgO spacers, 1/4
thick, were used between the heads and the test section
metallic housing (same as in all previcus tests except the

last one). An attempt was made to eleczrically insulate the
test section and diffuser from the gas flow by applying a
1000°F strain gage cement to 3ll expcsed surfaces. The

diffuser was alsc electrically isolated Jrem the

- sround ).

. The following nominal conditicons w=re used in :shis run:
combustion-gas flow rate 0.16 lb/sec-in2
cxidizer to alcohol ratio stoichimetric
N2/02 ratio 1.0 by welght
seed fraction 0.0% K by weight
inlet staghation temperaturr 2700°K
statlc pressure at exit 1 atm
gas cross-sectional area 5.0 in2
‘electrode separation distance 4.0 in
magnetic field intensity 2.0 weber;mg

The total run time at these conditicns was 34 minutes
including a 6—1/2 minute interval during which ths sseded
fuel was replaced by unseeded fuel. At =he end of *hnis time,
the run was automatically stopped by a Tlame-out signal from
the flame senscr which was caused by an zsccumulation of opaque
deposit on a window in the optical patn.

The electrodes withstood the test very well
those in any previous test. There was no overall recession
which had been typical of electrodes 1in crevious nests.
Instgad, the heated facez of mcst electrode heads exnibited
local pitting; this pitting occurred over the entire su
of the upétream three pair of slectrodez. There iuzs frequent
Slight head damage, giving the appearancs 2f having been melted,
in localities adjacent to the hottest regions of the Mz0 brick.
There was no electrode damage at the interface with cooler
regions of the MgO. The heated surface of a few electrodes




retained a foreign material which appeared to have flowed from
the adjacent upstream MgO spacer. Also, some spacers seem2d
to have experienced a bulldup of materilal during the test.
There was no deposit on/or melting of MgO sldewall brilck.
Compariscn of molybdenum .o the TZM alloy is inconcluslve.

All leakage resistances measured after thn=s test were
several cruers of magnltude less than those b=fore the test.
For exampie, the Indicated resistance between two adjacent
elec.rcdes was: before test - 2 Meg (0 ; after test, with
inter-elecircde spacer installed - 1000 O ; after test, with
inter-electrode spacer removed - 4000 (0 .

Temperature was measured at one internal location 1n
each of three molybdenum heads, two in upstream circult #1
and one in downstream circult #13. Near the end of the run
the corresponding temperatures wefe approximately 1750°F,
1350°F, and 950°F. Temperatures of the heatzd surfaces were
probably within 100°F of these recorded temperatures.

Internal temperatures were also measured cof upstream
MgO brick iIn the test section. These temperatures were
relatively constant after warmup. Extrapolaticns irdicate
surface temperatures of up to 2800°F on the inser-electrcde
spacers and about 3500°F on the sidewall.

Figures 3 through 10 present elscirical

zta showing

(W
[§H

representative behaviocr of the 13 separate lcad rircults.

More detalled Information is presented for twc circults,

#2 and #12; these circuits typify the general pehavior cf
circuits in the two halves of the generator. The open-circuit
load-potential histories shown in Figure 3 ars consistent with
previous results. Data indlcate that as time Increases a gradual
decrease in voltage occurs for circuits in the upstream 1/2 to
2/3 of the generator but the voltages remain s,zlatively constantg
in the downstream clircuits. The short-circuil- current histories

shown in Figure 4 are not as steady as ex =ci=i. AsS in rrovics

¥ oa ¥ R

§
§r

tests, approximately 5ix minutes were requir

Lh

£0 reach the

¢4

apparent steady level; this is consistent with temperature
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data from the sidewall brick and ccoling water.
electrical data obtained before and after operation with un-

Comparison of

seeded fuel have lead only to the conclusion that if a change
in leakage resistance occurred during the ©6-1/2 minute interval
then its effect on open circuit voltage was limlited to approxi-
mately 2 volts.

Figure 5 presents the axial distribution of ocpen-circult
voltage avallable to a load. At early times shorting =z
occurred at the center of the generator. All voltage d
tions after 3 minutes of running were similar to that snown for
31.5 minutes. Axial distributions of lcad current at the four
loads used in this run are shown in Figure 6. An axial distri-
bution of electrode potentlal relative to the grounded test
section hcousing 15 shown in Figure 7 for operation witnh all
circuts essentially short circulted. Figures 5 and 7, and
rerhaps Figure 6 demonstrate the presence of local shersting
within the generator. The difference between electrocde poten-
tials at circuts #13 and #1 1s herein called the total Hall
potential. 'The measured histcry of the total Hall potential
for those runs with all lcad circuits shorted is shown in F
8. These were the mcst unsteady data Observed in the entire 34
minute run. The expected total Hall potential 1s 300 volts,
based total Hall pctential is 200 volts, based n predicted

{

gas properties and measured currents. From Figure 1% 1s seen
that the expected Hall fleld was actually achleved betiuzen elec-

trodes #7 and #38 and alsc between electrocdes #11 and #13.
i

€
Figures 9 and 10 show the lovadling characteristics of thsz
two circults fcr wnich histories were shown., Most cirzcu
produced more repeatable data and scme had significans!
linear characteristics than tnose shown.

Comparison of loading characteristics and current distri-
bution for all 13 clrcuits has Indicated a sort of equilibrating
effect among adjacent electrodes. Frequently a circuls wni
performed less than the trend was adjacent to a cireuls which
performed better than the trend. It is therefore meanin
to investigate the cumulative behavior of all circuits in &l
generator. This is done in Figures 1l and l2.

8
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Flgure 11 presents the averaged loading curve for the
total generator. The "Averaged Load Potential" 1s simply a
numerlcal average of all the 13 simultaneous load voltages,
and the "Total Locad Current" is the sum of the 13 simultaneous
lcad currents. The straight-line correlaticn of the data 1s
indicative of constant generator internal resistance, inde-
pendent of lo.i current. Figure 12 shows the cor responding
The

prediction 1s for z simple, ccnstant internal resistance

Un

total generator power outpubt at the various load:

&

generator, nramely

I I
Power = V  IgaT— 1 - =— :
EC e SC ISC ISC
The average open circuit load potential, V and the

Yy

Y current I a
3 SC}

i e
165 volts and 42.8 amps, as obtalned from Figure 11. It is

total short circui
noted that the above form of the equaticn for generator power
is independent c¢f the degree of e¢lectrode segmentation.
Figure 13 presents typical gas pressure data at cpen
¢ircult and short circuit.
A few measurements of end effects were made by short-
¢ircuiting all interior electrcdes and successively open-
d

¢lrcuiting the exterior electrc

m @
2

s
o

m

3

se In locad currs ¢ 2nd electrodes

1 )
Sﬂ

significant incr W

of the interior sct. The number of interior electrodes which

were affected increased as the operating length of the generatcr

was reduced. For example, with circults #1 through #4 and #10
tarough #13 cpen-circuited, the active generztor consisted of
ircults #5 through #9 operating in the short-circults condition.

For this case the current through circuit #5 (upstream end)

was 30% higher than when all 13 circuits were shorted; the

corresponding increase for circult #7 (center) was 11% and

for circuit #9 (downstream end) was 16%.
Several measurements of generatoer internal lealkage
resistances were made during the 6-1/2 minute interval of

13
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operation with unseeded fuel. Qualltative measurements were
made of resistanc: from electrode to ground, between adjacent
electrodes, and between opposing electrodes. Indicated
resistance varled from 50 chm tu 600 ohm. All measurements
wer2 made in the vicinity of the electrodes in circuit #7.
Although the measurements shculd nct be used guantitatively,
théy indicate leakage resistances of the same crder of
magnitude as the coverall generator resistance znd the gas
resistance. Slopes of the loading characteristics curves
such as in Figures 9, 10, and 11 indicate an cverall meneratcor
average resistance of approxlmately 50 ohm per circuit.

The potentlal between test section and diffuser was
measured at several times during the run. . In 31l cases, no
potentlal was measured. Much of the ceramic ccating was
removed from the diffuser wall during the run. This apparently
had relatively little effect on the generator performance
because the expected Hall field seemed to be developed in the
downstrecm elactrode region.

'Very limited data were cbtained with the =lectrodes,
connected for contirnuous electrode operation. Automatic
shutdown occurred soon after the electrical ccnnecticns wers
made. However, the open-circult data clearly show the effect
of the internal Hall current. .The data alsc indicate a low
resistance path to ground in the vicinity of =lectrcde #10;
thls 1is consistent with low load-current in circult #10 (see
Figure 6).

‘The next run in the pcwer generation program will
concentrate on the leakage resistance problem. High density
low porosity A1203 wlll be used In several lccations in order
to reduce absorption of conductive materials by the brick.
Various Joints will be triled. The electrodes from the last
run will be re-used with the threaded Joint between head and
shank replaced by a brazed Joint.

15




2) Heat Transfer and Fluld Friction - Three problems

are being considered in the area of heat transfer. The first
is concerne? with the insulatcr boundary layer in an MGD
channel and the second treats the electrode boundary layer.
These analyses take into account detalls of the MGD Inter-
action and in thelr early stages lgnore affects such as
compressibility or chemical reaction. A third study 1s

being made of the heat reansfer to a cooled electrode or heat
transfer measuring calorimeter and 1is principally concerned
with compressibility and effects due to large temgpsrature
differences between the gas and wall.

The preceeding progress report gave a detailsd discussion

of this “esearch and this work has continued actively during

the present quarter. The new results from these investigatlions,

however, are incomplete and a detailed account will be given In

the following Quarterly Report.

3) Physics

a) Calculation of Transport Propertiss in Seeded

Combusticn Gases - In 1361, Frostl, proposc:d calzulating the

electrical conductivity of a partlally ionized gas using Allis!

equation, valid for a Lorentzian gas. Frost replaced ths
electron-neutral'qcllision frequency in Allis!' formula wilth
the sum of the electron-neutral and electron-lon ccllision
frequencles. T¢ take iInto account electron-electron inter-
actions, Frost modiflied the expression for the electron-ion
collision frequency sc as to obtain the Spitzer-Hzrm value
of the conductivity in the limiting case of a fully ionized
gas.

In order to examine the validity of Frost's procedure,
we have determined the electrical conductivity of a partially
ionized gas taking into account rigorously e-e and e-1
collisions by =z medification of the Chapman-Enskog expansicn
scheme.
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the collision frequency, and are given by

I'(5/2 - m) r(5/2 + m)

y =
m 6 x 0.582
= 12 _ .2
€q = 5(m° - m)fym b
1, 3 -2 8 = 2fon2 | A
51'.‘. = = 3(111 + m- + 5m)fym By = g(Em FozZno+
= 3 33
Y 'E(m +2m° + 13m° + 1zn +
Figureslu.tol7 Show the dependence on degree'of lenls
of the first three approximations to the electrical cond. >

These curves give a clear idea of the rate of convergenc
_neutral ¢ross-section. For high values of ionizatic
interactions dominate. The conductivity is insensitive
parameter m . and rapidly apprcaches the value of ¢
ponding fully ionized case. The behavior at low level
lonizati.a is different.hcwever. AS snown by the
Study of the Lorentzian gas 1in the last progre

the speed of convergence 1s highly sensitive

R T S S

£o

of cross-section on lectron veloclity. For n =
! is excelle
third approximation seems to be sufficient for

ivnization.

= 0 (Maxwelliar melecules) convergence

| ]

a
For m = 1/2 (hard spheres) and for
convergence for low values of lonization 1s less rapid.
While the third approximatisn, for these two redels, 1is
certalinly Satisfactory at high levels of tonizations,
nov very good at low ionization levels,

At low leues of lonlzation Frost's results
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more Satlisfactory, as expected, since his formulacicn
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rigorous for low ionization and corresponds, 1in the JLolnl o

to the "infinite" Chapman-Enskcg approximation, STCIE
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For high values of icnization, Frost's results agree well
with the third Charman-Enskog approximation which includes the
electron-electron interaction rigerously. Since Frost has
used a fitting te-hnique tc make his results agree with the
values of the fu

g....u
[y
(]
w3
[
]
3V
(o

conductivity, his results for
infinite degree of icnization are, as expected, slightly

(less than E%) better than the third approximation.

83
thoretlical justificaticn for the use of Frost'!s method in
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calculating the electirical conductivity
ionized gas In the absenc

A second related protblem was inv
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effect of small 4n 4 . The kinetlc theory descripticn ¢f
collisicns between charged particles has, until rec

required some sort of ad hoc cut-off procedure in order to
prevent the cccurrence of divergent integrals. The source
of this difficu :y stems from the long-range nature of
Coulomb interaction and the treatment of all collislons as

two-body encounters. In actuality, the interaction pctentia
1 =

-1 . . 4
(fn a) , where 4 = 1.24 x 10

the Delye length to the Iimpact paramcter for a 20° de
(The quantities T =nd n dencte the temperature in
the number denslity per cm” respectively). In particular, the
widely-quoted value of Spltzer and Harm for the electrical
conductivity of a fully-lonized plasmz 15 correct tc this
order.

In the following table, we have calculated the values of
A and fn & for a range of temperatures and number denzities
which en .mpass conditlions expected in MHD gensrators. Typleal

values of £n & are seen to range between 4 and 5 which implies




an uncertainty of about 25% in the Spitzer-Harm conductivity.

VYalues of A and (4n A)

ne(cm'B)
! ] e
i 1013 1014 1015 101°
332 39.2 12.4 3.92
(5.97) (3.67) (2.52) (1.37)

1500 721 224 22.4 . 7.2}
(6.58) (5.41) (5.11) I (1.98)
2000 1110 351 jj_} =5 P
(7.01) (5.86) (5.56) (2.40)
2500 1550 491 155 49.1 15.5
(7.35) (6.20) (5.04) (3.89) (2.74)
3000 2040 645 204 64.5 1204
(7.62) (6.47) (5.32) (4.17) (3.02)

The region to the 1eft of the heavy line in this table
indicates roughly conditions for which this theory 1is suffi-
clently accurate (uncertainty less than 20%).

In about 1960, Lenard, Balescu, Rostoker ang Rosenbluth
as well as others, cobtained 3 kirnetic équation which automa-
tlcally took into account the collective behavior of 3 plasma,
and converged for large impact parameters. However, this
S0-called "fluid-approximation” div-:rged for small impact
parameters, and so it was necessar; to introduce an ad-hoc
Small cut-off limit.

The most recent important progress in the kinetic-theory
of charged particles was made 1in 1903 by Kihara and Aonoa.
These authors propesed a "unified theéry" for combining both
the close and distant encounterp contributions to the kinetic
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description of c¢ellisions, in such a way as to yleld a dlver-
genceless thecry without the need of ad-hoc assumptions. The
validity of thls new theory is of order ﬁ'l » and thus

provides ample accuracy for MHD generator applications. The
reglion to the left of the double-line in the preceding table

indlcates conditions for whichk this new thecry 1s sufficiently

accurate (unc:r:ainty 10% or less

The thecry of Kiharz and Aonc has been applied by
Ikitawa? to the czlculation of the electriceal conductlvity
of a fully-ionized plasma. The method of calculation is
similar to that of Chapman-Enskog, and involves an expansion
in terms of Sonine polyncmisls. In Figure 15 we have plotted
the ratic of I«itawa's second approximaticn Lo the Spitzer-
Hérm value of the electrical conductivisy, as a function of
In A . For valuss of in A = 4 , the more accurate value of
Che electrical conductivity is about 30% higher than the
Spitzer-Harm valuse.

In 1964, R; nnb reported a messurement of the slectrical
B

conductlvity ir z fully-icnized plasms wnicn was 20% higher
than the Spitzsr-Harm thecre:ic

or Rynn's measirsment was 3tated
of {n =7 fcr which Rynn's expe
Ikitawa's value of conductivity is absut 133 larger than the

Spitzer-Harm

within the preb:
with experimen?
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theory.

- Under NMID generator conditicns, the plasma is only
partially lonized, and so the magnitude of the correction
discussed above will be properticnately smaller. When the
¢harged particle enccunters are equaily important tc electron-
neutral colliziaons, we may eXpect a correctlon of the order
ol 3o%.0ind 5c == of this new
theory into cur ecalculaticns.
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b) The Influence of the Ramsauer Effect on Nonequilibrium
Electron Temperatures - The following 1s g Research
Note submitted for publication in the Physics of PFiuids., We

note that recent calculations by 2ukoskl, Cocl, zand Gibaon

srrebroc have considered recently the

gffecy of elsy iorium electron temperatures on the

R i Ll WY GOE I L B =T part lally-icnize
plasmaz. The degparsure of the electren taam
ga3 temperature nhas teen estimated by means of a balance

——

betweer the =nergy gained by the electrons as they drift
G

J
through the =lsciric fleld and the energy isst in coellisions

Wwith tne heavy particies. Constant collision cross-sections

J
have been us=d in these calculations and in the calculation of

: the elsctricz! conguctivity. The electron number density has 4
been fcund by means of the Saha equatlon 2valuated at the
egECE T tea;ﬁrature and this has been Justified by the .
assumpzion of =z Maxwelllan distrioution of electron energie

y313 a displaced-Maxwelllisn =lectron diz-

-
b =un furc disn 18 ssedFtolEEEesEIE el iR

ance ¢f the
variaticn of the ¢cililsion cross-section «with elecirgn ensrgy
NP ERrsdcklar, Tehreiarsic ediliSions DR LR AgniG ¥ C R oRs S EL0
noble-gzs atoms tns proncunced minimum in the cross-section
at eleciron energizss of the order of one electron volt {tne
| Ramsausr effect) is shown to have a significant effect upon

Cerature,
We adopt a cocrdinate system for which the mean velocity
¢f the heavy particles 13 zerc and assume a Maxwellian heavy- =

n

particie distributicn function af the known temperature T, ..
€ en to be Maxelllan 1

?.

lecibron distriputblicn funeoion is tai
-3

about tne eleciron drifs veslocity o with en eleetron
temperziure T _ . The uninown paranecers Ca and Te &

found by means ¢f :the momentum and ener moments of the
B

Ed

T T e -




UETr e

7§3ectren_ﬁoltzmahn equation with only the electric-field term
retained on the left-hand side. :

With the displaced-Maxwellian distribution our collision
integrals are identical to those considered by Morsei?, For

small values of the parameter m>c§/(2k Te) and with the

e

definitions J = - em ¢ and o & J/E , the results can be

e €

PUt 1n a form that is similar to familiar phencmenological
relations. We then have :

1 my 4 8kTe
o .eane ; mm i “h Qe,h (Te) (3)
and
1277 . 4 ’78kTe -m
==, k(T - » 3 We i-ah'- o, Qe,h(Te) s (4)

where the effective mean cross-section Qe n({Te) 1s defined
- = = 2
in terms of the differentia] ceross-section I, h(g,x) by

>

T

=
© -m g°/2kT '
= egEEFf(l-cosx)Ie,h(g:x)Sindedg =
= |

— 3
% Jatgi) e
(5)

ﬁg h(Te) differs by only a factor from the integral Ogé) (1)
== 3 :

that enters tne Chapman-Enskog theory. The summation is per-

formed. over all cspecies of heavy particles (neutrals and icns).

If the masses of all heavy particles are equal, Eqs. (3) ang
(4) give =

42
mgJ

fl

S-ax

= (6)
e né 3K(Te - Th) m, .

28
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The effe:tive cross-section ée,h{Te) was evaluted for
several noble gases, potassium, and cesium by numerical Inte-
gration over the relative velocity g . Collision probabllity
data were taken from Brownll and Massey and BSPhGplQ and the
references cited therein. From estimates based on the avail-
able data for the angular dependence of tne differential
¢ross-secticn, the momentum-transfer gross-secticon
ar év (l*CGsx)Ie’h(g,X)siniéx in Egq. {
by the measured total 2ross-section 2w
Qur calculations indicate that the effec
in the very-low-energy cross-section is s=mall for TE>ESGG°K;
this results from the factor g5 in Eq. (5). Tne calculated
values of ée,h(Te) are given in Figure 15. For gasss that
exhiblic a pronounced Ramsauer effect the sffective cross-

Q varies by as much as a factor of 8(argen) in

£) was approximated

T ==
Ie,h(g,i)binidx .
of uncertainties

Ll o L

[

secticn Qe,h _
the range of electron temperatures shuwn. These values of
Qe,h are significantly greater than the total cross-section
at the Ramsauer minimum. The effective sleciron-icn Cross-
section, calculated from Eq. (5) with the Rutherford cross-

section and the Debye cutoeff, 1is

] i(Te) = 1t )2 £ A . (7)

€,
With this displaced-Maxwellian cross-section the electrcn-ion
resictivity {(Eq. 3) is nigher :than the Sritzer-Harm resistivicy
by a factor of 1.98.

Calculatiors based on Egs. 3, 4, 5 znd 6 and che Saha
equation evaluated at the electron temperature were compared
with the measurements of Kerrﬁbrccks and deoskij. These
experiments were conducted with flowing, partially-ionized,
potassium-seeded argon at atmospheric pressurs with an applied
glegiric fisid. The ccmpariséns, shown In Figures 20 and 21,
are favorable in view of the fact that no correctlions to the

theory or empirical information, other than measured cross
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8 Junction of electron temperature.
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* o
sections, were used . Calculation: made in reference 8 and
9 with the LL“5§ cross-3fctions QA * 0.7 x gﬁ'lé cm™  and
QK = 250 x 107 10 mg 1ie significantly above the data.

Although cur res:-lts Indicate the importance of the variztion

t"‘ﬂ

of the differential cross-section with electron energy on
nonpquilibribm eleciron temperatures and tend to suppor:t she
use of a displaced-Maxwellian distributicn, the situa

not be fully understcod until the ele

tion can be accurately predicted. Such an investigation is

currently in progress.

4) Diagnostics - A sodium line reverss 'apgarazas
has been developed in cenjJunction with the Stanford MGD
generator channel toc provide a check on the calculated
Cemperature and to measure directly the eleciron tsmperssure
in the presence c¢f induced currents. A desc ipti:n e
method and 1its application
in detail in Appendix A of this report.

A light sgurce whichissa

€
i1s uSed in conjunefion with an optl
&1

Ash hall mst
results chia

of 10°K. By;f'

spectral line shapes correspending to a difference of 1C°K
in flame temperature are easily distinguished and accurzsely
measured. Figures A-2, A-3, A-4, and A-5 in Appendix A-2 are

*
The fact that lossez by radiation and the effecss of inmslastic
e us

collisions were not included in the anzalysis amust be conzidered,
J

however, in the Interpretation of these comparisons.

Ll
hal




typlcal examples of the NaD lines as seen in the small propane

flame.

Attempts were made to obtaln line reversal with a potas-
sium seeded small propanre flame for the potasslum lines at
4042 and 4O4L A . The signal received from these lines was
very weak due to the small amounts of potassium added which
the physical size of the flame dictated. Emission lines were
obtained, but the reversal condition signal was immeasurable.

At the present time testing 1s underway to determine
flame temperature for various constituent percentages in the
MHD generator. The temperatures are obtained at the plenum
chamber exit, exhausting to the atmosphere. The preliminary
results from tnls testing show that the percentage of sodium
in the flame should be in the order of 1/100 percent or less
to avoid self absorption in the emission lines. Reversal
conditions have been observed for'several constituent per-
centagec at low flow rates.

34




B. Slock Tube
* The following paragraphs constitute a brief summary of the
shock tube phase of the MHD energy conversion program.

The function of the shock tube work has been to perform quanti.
tative experiments with shock-heated plasmas which would augnment our
understanding of their physical properties and dynamic behavior. The
tube used her: was designed to cover and extend scmewhat the range of
parameters having immortance for the performance of MHD power generation
equipment. Details of the design have been given in previous reports of
this series. Performance of the device has been in close accord with its
design, and has, in general, been very satisfactory. It remains the most
quantitative device available for producing a well-defined sample of
plasma having precise rhysical and dynamic characteristics in the tem-

perature and density range of interest to this project.

The major initial effort in the program concerned the above-
mentioned shock-tube design, acguisition and fabrication of components,
shakedown tests of subsystems, and a series of calibration shots.

Initial operaticon tock place in mid-fall 1962 according to schedule, and
the facility has seen regular use since Phat time in a series of research

investigations. By ncw, the following resuits have been accomplished:

. {1) Calibration of shock tube performance over a wide range
of operating conditions;
(2) Evalustion of the overall precision and limitations on
the use of optical interferometry-tc measure elzctron
15 _ m18

density in the dense plasma range, 10 ce

(3) Measurement of the thermal eguilibration of a shock-
heated plasma;

(4) Calculation of the high temperature transport properties
of monatomic gases, using the higher approximations of

the Chapman-Enskog formalism.

In addition, a series of systematic investigations is now

under way in the following areas:
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(5) Recombination processes in a flowing rlasma cocled by a
stationary expansion wave;
(6) Radiative thermal transport.

Details of portions of the above studi=s have been given in
earlier reports in this series. In particular, items (2} and {3)
were treated in Supplement 2 to the Quarterly Report 1 March — 31 May
196k (see 1listing below). Ia particular, this work did verify the high
greeisio& of optical Interferometry fbr'measuring the electron density
of dense plasmas. Tt also verified the atomic collision model leading
to thermal ionization, with indication of the order of magnitude of atom-
atom collision cross sections. The work alsc ylelded resuits for the
electron temperature variation in the non-equilibrium regime, and showed
at what stage of the equilibration process recombination events beccme
important. The variation of the electron density downstream of the equi-
1ibraticn,§cintggives further quantitative data on the radiaticn cooling
rate in an otherwise uniform plasma.

The work just described also vrovided implicit verification of
the Saha equation, in that the measured equilibrium value of electron
density vas in good agreement with that predicted by a combimation of
the Rankire-Hugoniot and Ssha relations applied tc the measured shock
velocity and shock tube conditions. This result was further verified by
an additional independent series of experiments which Formed the basis
of another student's Engineer's Trecis (see listing below).

The analysis of high temperature transport properties of a
partially ionized monatomic gas, item (4) above, has helped tc resolve
the disagreement which develops when partislly-ionized ccndéctivity
expressions are extended, in the limit, to full icnization — the trouble
being that these do not agree with results calculated explicitly for a
Tully ionized plasma. The preseut work has shown that satisfactory
agreement can e obtained _f one goes to the third approximation in the
Chanman-gas;ﬂg theory. Expressions have Leen cbtained to the fourth
approximation in the thermal conductivity, thermal diffusion coefficient
and ordinary diffusion coefficient. The viscosity is treated to the
second approximation. It is noteworthy that thermal diffusion plays an
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important role in an icnized gsas.

- In connection with item (5) abcve, recent interferograms have
shown the reed for cbialning greater fringe shifts, since it is desired
to measure the variation of fringe shift zlong a redial line of the
Prandtl-Meyer expansicn and along the streamline running close and raral-
lel to the downstrean wall. The total fringe shift plot given in the
last quarterly rrogress report was for a wavelength of hSCD& » This
has now teen extended o wavelengths of 589G; and 690@2 {corresvon-
ding tc the radiation from a ruby laser). Since the major contribution
to the fringe shift i{s from the free electrons, it turns out that tae
higher wavelengths yield greater fringe shifts (proportional to weve-
length).

Turning to item {6), we remark cnly briefly that preliminary
experizenis have given clearly defined interference fringes in the
shock layer of a cylinder immersed in a shock-heated flow of argon
plasma. The masking effects of the intense.shock layer radiation have
been elirinated hy use of a Kerr cell shutter on loan through the
courtesy of the nearby Lockheed Research Laboratory. The optical ex-
reriments have bsen supplemented by a series of preliminary thick film
heat transfer measurements aleng the stagnation line. The preseat work
aims tc zezsure both the convective and rediative heat transfer from the
shock layer-boundary layer plasma, with irdependent meazsurement of the
electren censity as a control., As such it will represent an extension
of the worz: of Rutowski and Bershaderf

- For reference purpcsez, the following listing of cutput of

the shock tube phase cf the program is given:
Technical Supplements tc Progress Reports:

H. Wong and D. Bershader, "Interferometric Study of Thermal Equilibration
of a Shock Heated Plasma," Supplement 2, April 20, 1%64.

R. S. deVcto, "Transport Properties of Partially Ionized Monatomic Gases,"
being issued as & supplement to this report.

“Rutowski, R. and Bershader, D., Physics of Fluids, 7, 566~
577, 1964.
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Te¢§nicai Society Presentation:

H. Wong, "Interferometric Study of Shock-Induced Reaction Rates in 3
Argon,” ATAA Annual Meeting, Washington, D.C., July 1, 1964,

Journal Publicaticns-

The work of both Wong and deVoto will appear as publicaticns
in an archive journal.

Graduate Thesis Programs:

Howard Wong, Ph.D. (awarded June 196k}, "Interfercmetric Study of
Thermal Eguilibraticn ¢f a Shock Heated Plasms.”

R. S. deVoto, Ph.D. (to be completed January 1965), "Transport Properties
of Partially Ionized Monatomic Gases.”
The following thesis prograzs were independently suprorted but
made use of the shock tube facility and deslt with the closely related
subjects:

Charles Ellictt, Engineer's Degree (completed August 1364), "Tnterfere-
metric Study of the Shock Layer of & Cylinder Irmersed in a
Flowirng Plasms.”

Wililam Y. Cole, Engineer's Degree (completsd August 196k}, "Measurement
of Electron Density in a Shock-Heated Plasma and Compariscn
with the 3sha Fquation.”

All ir all, the program to date has been & fruitful ore, and
it will be continued az s lcnge-range prograzm emphasizing quantitative
optical measurements of dense, shock.heated plasmas.



APPENDIX A
Spectral Line hevarsal Method for Equilibrium Flows

I. Introductlion

The sodium line reversal method of flame Lempsrasurs
measurement was intrcduced
established by Kchn in 191
¢f combustion temperature
rzierences describe the basic theory and experimental design
of the method, some of tne best are refsrences , and later

. .

10 The apparat 3

by Mak
measurements In the Stanf

A-1. A tungsten filament lamp shines through the [lame con-
taining scdium atoms, whose temperature 1is to be me
and then passes tnrough the slit of the 3peciromete
Adjustment of the lamp orightness temperature to the tempera-

ture of the {lame will cause the NaD 1lines

there are several assumptisns which must be made aboubt the
flame. The first 1is that the flame must be optiecally
transparent in the wavelength region of interest (G6830-5595
for NaD lines). This necessitates the use of small amounts

of scdium in the flame. Sec

o
4/
T

nd
thermodynamic equliibrium if 1 emperatures are to be

measured. Other assumptions are llizted as they occur.

II. Scdium Line Reversal Msthod: Thecory

2=:zic Eguatlicns and Nomenclalure

*General reference for this section is 18.
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1) The radiation density in energy per cm3 ol a
black body at temperature T , °K , having wavelengths between
A and A + dA can be formulated by Planck's law

-5
- A
BrheA 3 . ¢
Uy dA = S Ch = B dA (1)
A exp =m -1 exp 2. 1
Y B - AT

where cl and cg are the first and seccond radiszticon consan
. -1
¢y = 4.992 x 10 erg cm, . = 1.439 cm®K.

2) The radiation intensity Iy
(watts) per unit solid angle ncrmal to the surface of the
blackbody of area A 1is

‘Z/RT > 5 in the visible range of the spectrum™> so Shat

_ c..
s 2 - [ . —= -
I, = 2Ac; } 7 exp ( A?) (3)

then

ba) For a non-blackbody with a spactral smissivity
€ the radiation flux is reduced tc¢

¢y =€, I, O (5)

5) The brightness temperaty
{or non-black body) at 2 wavelengtn A 1s the femperature

=

¥ b4 X =y oYY
re ¢ a light source

at which 1t 1s necesszary tc hi=at 3 blackbody so that its
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brightness matches that of the light source at the same
wavelength. The brightness temperature can be deduced from
Equations (3) and (4a) above as

%—=%—-?}l£n€7\i (6)

0 t 2
where € i3 the spectral emissivity at wavelength A <cf
the emitting body under consideracion, Tt i3 the true
temperature, and To 1s the brigntness temperature.

6) Correction of light source brightness temperature
to different spectral values is frequently necessary in NaD
line reversal methods. This is accomplished by means of Eq.
(6) above. Let A be the wavelength of the spectrum line
used, i.e., for Nab 1lines A = 0.589u , and les A, be
the calibration wavelength of thec light source. Then

= .= -~ — In(e,)
: , A
TIEE 1. o
A
- - = in(e,,
T (Ae) I, =
Subtracting gives
1 1 A ~ :
= = + = tn(e,,) - — in(e ) (7)
-o(h) To(ke) 5 s

7) For the tungsten filament light source used,
the emis:ivity must be known. Larabeel9h s developed empiriczal
equations in different wavelength reglons by assumlag linear
temperature and wavelength dependence. For A = 0.450 ¢to
0.680u.

= 0.4655 + 0.1558A + 0.2675 < 10~ 4

bp - 0.7305 x 10 AT (3)

€A,T

42




~

8) The brightness temperature regquired for com-
parison in the NaD line reversal method 1s that of the .iight

J|

U

source at 1ts image positicn in the flame. It is thus necessary
£

to correct for the abscorption and reflection less of lignt by
any lenses, windows, or filters in the system up t¢ the flame
image position. (Such losses after the light has passed

through the flame merely reduce the intensity of both the NabD
lines and the background light source radiaticn simultanecusly.)
A good assumpticn for must neutral glasses 1s that the spectral
transmission i3 constant sxcept in %he ultravioclet and infared

i

regions where 1t drops off rapidly ~. If Ih is the transmis-
sivity of the glass, the emergent flux will be

Pn,emergent = “A %A, incident (9)
From thils relation, substitution for ¢R from Planck's lawl
can be made to obtaln the final corrected brightness temperature

[ @]

c €3
TB of -the source at the image position in the flame a

1 1 .
e +a, . +4a . . + a (10)
ns indows 11ters
T (A) T,(}\) len Wingow filte
wnere
a = 6—7}' in t—l (ll)
2 A

6o

a 1s the pyrometric abscrption expressed in mireds (107 K-l}

b. Theoretical Basis of the Sodium Line Reversal Method

The basis of the NaD line reversal theory is developed
below first by the <energy balance method for clarity, and the
theory 1s then develcped from the equation of transfer for a

o

better understanding cf the physical assumptions involved.
1. Energy Balance method

The light beam from the light source at a brightness
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temperature TB passes through a gaseous body at temperature
TG .. The radiation flux 1s then specularly isclated by the
spectrometer, received by a photomultiplier tube, and dis-
played for measursment by a sultable instrument. The radiaticn
flux thus measured 15 the sum of the spectral emisslon of the
gas 1d the contlinuous lamp radlation transmisted by the gas.
Thus, '

= AR

[
=

By assuming thermal equilibrium and applylng Kirchoff's 1

(Ek =a,) , £y = (1 - ah) the above becomes

¢T0t e, ¢G(?\,TG) + (1 - 5;\) d’B(?‘ ’TB) (13)

The reversal condition 1s that the total radiative flux is
unchanged in thz presence of the gaseous body, when this

happens, i.e., when =

pp F k] ¢TOG ¢B 2 G

temperature of the gas 1s equal to the corrected brightnsss
T

temperature of the lighc source. When

=)
M
i
oM
o
ol
Q]
fa
L
’ !
#

TB / ¢Tot i1s larger than ¢B and the NaD 1i:
emission. When TG is less than TB R ¢Totel
¢B and the NaD 1ines appear in absorpticn., When T, = T
the llnes are nefther in ab3orption nor emission butbt would
appear to be a continuum on a low resolution spectrometer.
When there 1s a cool boundary layer surrounding a centrai
core region of higher temperature the lines will be a

combiination of emmission and absorption as viewed by a high

*Many 12ferences, 4 , 6 , for example, wrengly omit the gas
emissivity e, before the ¢ (}\1 TG) in Egquation 12. Thi
would yileld tﬁe result that tﬁe gas 2missivity, cr
abscrption coefficlent 1 required before the gas tempera-
ture could be determined from the NaD line reversal method.
This conclusi.n is not true, as the following section will
demonstrate.
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resolution spectrometer. The cbservable criteria for reversal
is then that the integral of the cbserved flux over the wave-
length region of the 1lines be zero. Reference 16 discusses
thils effect in cetzll.
2. Solution of the Eguation of Tr nsfer®
Assumptlions:

a) The flow 15 one dimensiocnal and planar,

©) The gas 1s in local thermodynamical equilibrium.
¢) The gas 1is optically transparent.

¢! The presence of small amounts of sodium does nct
affect the propertics of the test gas.

e) The electronic excitation of “he sodium atoms
1s in equllibrium with the test gas.

The equation of transfer under these assu wmptions 1s

where Kk ls the mass abscorpticn coefficient of the Z43, B
A . L s A
is the Planck functicn , and p 1z the density-of the gas.
= 1/k i1s the radiacion mean free path of the gas).
A =

i

501v1h° Eq. (14),
(14a)

where n = I, - B, and s, 1s the optical depth of the gas,
i

A A
sy 2/ nhy pdx
From Eq. (l4a),
IA - BA = ¢ e-sx (14b)
B io derivable from Eg. 1 9y u3s of the reiations av = ¢
and -(c/ 8mju, 5 By = 2hhC¢ [expln/hg) - 1) .




Applying the boundary condition that I

= I (lamp intensity)
A A,B
the above becomes

-8, -8y
I,=B(1-¢e ")+ IA,B e (14c)

Integrating Eq. (1l4c) over the wavelength region of the NaD
line gives

-3 -3
[ 1,9, f By(l-e Man + / I ge "dr  (14)
NaD NaD NaD ’

A typical NaD linpattﬁuernveraal coenditicn !s shown below

as seen by a spectroscope of high resolving power through
a gas wlth cool edges.

I

i T~
7- f / I
Tre ; \ﬁ’ :
' i : s :
i
A e AL A

NaD Line at Reversai Cc ndition. The reversal
1 = f : =
conditien is that Al + A3 = Ae .

Then, assuming symmetrical wavelength distribution

f d A= A~ j = 2w I
SEReh Ly - A =an 1, o (14e)

Taking BA independent of A over the shcrt reglon of
integration gives

"u "S

o A

= B, I {1 -e ) dA + I [/ e drx  [ihf)
AB A Nap MEB Nap .

v I
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or /
i - B.) -3
I, g=B, + —B__L 1 o Py (14g)
? 2w NaD
rearranging gives
o _:
I}\Bl-é—f e Adk):B}\(l-—g-%f e Marn)  (1ln)
’ 2w NaD ~" NaD

Thus the condition for reversal gives

I = B

MaE e (181)

or TB = TG

which 1is independent of the optigal depth Sy
The above analysis contains the additional assumptions
that
a) BA = constant wilth respect to wavelength over
the NaD line wavelength reglon,
b) Ku - AO = AO = AL ; 1.e., 1line symmetry.
c) IA,B = constant with respect to wavelength over
the NaD line,.

3. Cool Boundary Layer EZffects

In actual flow in an MHD generator there 1s a boundary
layer growth along the walls. Any sodlum vapor trapped in this
cool layer will absort radiation from the emitted radiation of
the central ccore region of hot gas. The guantities ¢Tot and
¢G measured will then be some mean quantitlies along the optical
path length in the test section. The gas temperature measured is

thus a mean temperature TG m which 1s less than the true free-
s il

T . T will depend on the boundary conditions,
G,t G,m

thermal gradients present in the cool boundary laver, and the

stream value

number density of scdium atoms present,

Consider a flow consisting of three separate temperature
regions, deslgnated 1, 2 and 3. The solution of the equation
of transfer through o:. - these layerz is given by Egq. (14.c)

as

b




o -
= E 5;
I, Bl(l e ")+ Ig e (15a)
where IB is the radiation intensity incident on layer 1
(corresponding to lamp intensity) anc I, 1s the Intensity
leaving layer 1 and passing on to layer 2. Likewise

s -31) -8 {sl + s5,)

e + I e < (150)

) .
) + Bl(l - e a

12 = Bz(l -e

where 12 1s the intensity leaving layer 2 and rassing on to
layer 3.

‘s ~
= i -_ — j =
I, = In,. 53(1 e ) + B2(1 e

B € | (15¢)

By takirng layers 1 and 3 to be beﬁndary layers with identical
temperatures and cptical depths, and assuming 2 and 53
small, Eq. 15¢ can vbe soclved for the core condition 1is

-s
Ipoy - SlBl(l 1015

(1-e 2)(1-3)

~$
2) -’IB e 2(1 - 251)
B, = '
5 ,

(124d)

The observed mean value is BG . where for reversal condi-
’l

tions BG,m = ITot = IB . Thus the relation between the core

temperature and the mean temperature obzerved 1s

g 2
— BG,m(l - e {1 - 251)) - 3181(1 +e )

2 i (15€e)

For order of magnitude estimates which do not involve the
optical depths or Bl » the following equation is convenient18
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1 L - -2 m@1 - &8 (16)

g T c L
G,m t 2
*“min G,
where T o 1s a minimal mean temperature, TG c i1s the
244 2
min .. :
true core region gas cemperaturs, & 13 the boundary
layer thickness, and L is the flow width across which the

light beam passes. The temperature measured lies somewhere

between TG = and T

“min G,v
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I1I. Sodium Line Reversal Method: Experlimental

a. Apparatus

1. Light Source

The light source used ia the present expsrimental
facility (see Figure 1) 1s a calibrated General Electric
tungsten filament lamp, model number 184(T10)1. The
calibration covers the true temperature range from 2600°K to
3200°K. The lamp power supply 1s a moter driven three phase
varilac and rectifiler which provides up to 25 amperes of-
rectified direct current. Two 27 ampere rheostats are
connected 1n parallel to provide fine current control. The
current to the lamp 1s determinec by precisely measuring the
voltage drop across an accurate 25 ampere shunt. Due to the
thermal lag of the lamp filament, the rectification ripple 1s
not observable when the lamp radiaticn is measured with the
spectrometer appratus utilized. The power supply-lamp system
has pr~2n %2 be extremely stable and thus reliable for the
spectral line reversal method.

2. Spectrometer Systenm

A Jarrell-Ash half-meter Ebert scanning spectrometer
has been temporarilly borroweé for determination of spectral
intensities. This Instrument has rroved to be highly success-
ful for the spectral line reversal neasurements. The Jarrell-
Ash power supply for the photomultiplier and the photomultiplier
output amplifier for the above spectrometer are comblned into
one unit, the output 1is recorded on a Textronles Type 561
oscilloscope with maximum sensitivity of 1 mv/centimeter.
The spectral line profile 1s obtained by photographing the
sweep of the oscilloscope cver the spectrai line wavelength
region by a time exposure with the Polarold attachment provided
with the oscilloscope. The spectral line can also be observed
¢glrectly on the oscilloscope.

3. Lenses
The lenses utlilized for the present apparatus are
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two glass 7 centimeter diameter, 20 centimeter fncal length
ldentlcal lenses. Their arrangemenf in the optical design
1s dictated by the internal optical arrangsment of the
Jarrell-Ash spectrometer. The cptical design 1s shown in
Figure 1.

b) Experimental Observations
Typical examples of the NaD 1i: as seen in the small
prcpane flame are shown on Figures 3, Q, 5, and 6. The
temperature of the flame ls determined to be 2135°K as seen
from Figure 6, bottcm. The temperature measurements have

been determined to an observable experimental accuracy of

10°K. By this 1t is meant that two different output spectral

line shapes corresponding to a diffzrence of 10°K in flams
temperature are easlily distinguished and zccurately measured.
Measurements on the MHD channel 2t the plenum chamber exlit
exhausting to the atmosphere, have shown gcod results with
the existing apparatus. Preliminary resul

line shapes and reversal lines with a sodium seed concentra-

rmined by

v
([)'
v}

[oN
M
M

tion of less than 0.001%. The temperatur
the spectral line reversal method agree well with the
theoretical calculations for the particular flow rates
chosen.

51




FIGURE A-2 5890 and 5896 A NaD 1lines in emission.
Light source off. 10 mlillivolt per
division, 0.2 seconds per division.

FIGURE A-3 5890 and 5896 & NaD lines in absorption.

. 15.80 amperss lamp current.




FIGURE A-4

NaD 1lines near reversal condition but
slightly in emission. 12.65 amperes
lamp current, corresponding to a gas
temperature of 2125°K.

FIGURE A-5

: = . . 5 = = P %
(l—-i-ﬂv—aa-'—‘ .;4+.wa=~'l—r,——'f:\\‘_a_~_,,’s =
W

-!ﬁu—'.’-' et - L s \Mw—ﬂ_ ~

Top: NaD 1l1lines near reversal conditions.
12.50 amperes, 2110°K.
Bottom: NaD 1lines at reversal conditions.

12.78 amperes., Q@Gas temperature
determined to be 2135°K.
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II. ELECTROCHEMICAL CONVERSION

A. The Effects of Free-Stream Turbulence on the Limiting Current Density

at the Front Stagnation Point of a Translating Cylinde= Electrode

Introduction
The overall rate of conversion in an electrochemical reaction may be

controlled by either of two processes‘ the rate of conversion at the electrode
surface, or the diffusion of the reactants through the boundary layer. For

the systems which are chemically slow-reacting, the diffusion process is
relatively fast and the clectrode surface concentration of reactants is equal

to the bulk concentration. The bulk concentration would be a known parameter
of the system.

Controlled hydrodynamical techniques are used to study the very fast
electrochemical reactions, where the process may be, at first diffusion
controlled. If the rate of diffusion may be systematically controlled, it may
be possible to approach a regime where the overall rate is again governed by
the kinetics. If, in addition, it is possible to express thediffusional process
from a theoretical standpoint, it would be possible to study the kinetics
during the intermediate regime since the surface concentration would be
known from theoretical considerations. It would be impossible to say anything
about the surface concentration in a completely diffusional-controlled system.

The rotating disk electrode and the translating cylinder electrode
have been used, successfully, to study the faster electrochemical reactions.
Both of these devices offer an electrode surface of uniform concentration; if,
in addition, the entire surface is maintained at a constant potential. The
laminar boundary layer theory for the rotating disk wasfirst presented by
Levich {4). The theory for the translating cylinder and its possible use as
an electrochemical tool was first suggested by Bopp and Mason (2).

The interest here lies in the effect of the free stream turbulence
generatedby the cylinder uponthe laminar boundary layer at the front stagnation
region. It must be demonstrated that the laminar boundary layer theory is,

indeed, applicable, and to within what experimental limitations it may be

applied.

56




Experimental Apparatus and Procedure

With the exception of a few modifications, the experimental
arrangement which was used here corresponds to that used in the studies by
Bopp and Mason (2). The tank was a standard cylindrical pyrex jar, 25.4 cm.
high and 25.7 cm. O. D., closed at the top by a 1.9 cm. thick lucite flange .
The tank rested on an aluminum plate which contained four vertical studs.

The studs rose up through the top flange with the flangé then being secured
to the tank by four nuts (See Fig. 2, Ref. 2). A Viton A ring gasket offered
an effective seal between the lucite flange and the top of the pyrex tank. Four
vertical baffl~- were placed inside the tank and connected to the top flange
by nylon screws. Any number of the baffles cculd then be removed if it was so
desired. The bearing housing and shaft arrangement is shown schematically
in Fig. 7 of Bopp and Mason (2). The shaft rotated on two bearings, 3.8 cm.
apart. The bearings were sealed from the solution in the tank by a Teflon-
lined Viton-A annular cylinder, 0.25 inch I.D. by 1.0 inch O. D. and

0.5 inch thick. The entire essembly was attached to the top flange by six
screws at the base of the bearing housing. The shaft was coated with an epoxy
resin to reduce the damage due to chemical attack. A Heller type GT21
laboratory mixer and controller was used to rotating the shaft. By varying
the pully ratios between the motor and the shaft, rotational speeds of from

2 rpm to 170 rpm could be rr;a.intained and controlled quite successfully. The
auxiliary electrode, a 3.57 cm.by 4. 45 cm. piece of platinized platinum, was
placed on the base of the tank. A 60 cm. length of 25 ml. platinum wire was
spot-welded to the auxiliary electrode and drawn up along one of the baffles
and out the fuel port. The lead frorn the st electrode in the cylinder was
drawn up through the hollow shaft into a mercury dish, which rotated on the
shaft. The circuit was then completed by dipping another external lead into '
the dish. A lugin-type calomel electrode was used as a reference electrode.

The capillary tube extended down into .ne supporting electrolyte through the
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top flange. A gas-bubbler was also supplied through the top flange. Nitrogen

gas was continually swept through the solution tc prevent the build-up of
dissolved oxygen in the supporting electrolyte. Three Teflon Swagelock
fittings were used in conjunction with the three ports in the top flange. A
model 855B power supply from the Harrison Laboratories was used to control
the potential between the test and the reference electrodes. A J-Omega type
21A D.C. volt-Ohm meter was used to monitor the applied potential. The
current was recorded on a Moseley Autograph X-Y Plotter. The rotational
speeds were measured, to within an accuracy of about 2 %o, by a hand stop
watch.

The electrode surfaces were cleaned in a strong solution of KOH for
periods up to one-half hour. They were then used and placed in a 50 %o
aqua regia solution for fifteen minutes. Finally the electrodes were

cathodized for one to two hours in 0. IN H SO4 at 100%:—32 before being placed

into the test solution. :
Procedure:

The voltage was firstadjusted, either cathodically or anodically,
until the system was operating on the current plateau (Fig. 1). Once a
rotat}.onal speed was selected, three minutes were allowedbefore the X-Y
Plotter was engaged. After each run, five minutes elapsed before the cylinder
was again rotated. Any turbulence which had been previously generated was,

by then, dampened out.
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Discussion

Electrochemical

Consider the electrochemical reaction occurring between species

R and Ox:

R # Ox + ne”

where n electrons are transfered per mole of reactant.

One may write the

rates of reaction for the forward and reverse steps, assuming for example

1st order, as:

= -

(1)

_ ~(3). -anpnF

re = CR i, exp. RT
.

_ ~(s) . -(l-a)nnF

T = Coxdo &P RT
where
rb. rf - rate of reverse and forward reaction
C(s). C(s) - surface concentration of R and Ox
R Ox

jo - rate constant

nx - transfer coefficient
"F - Faradays constant 96, 500 MS
equivalent

- number of equivalents per mole

gas constant

H W
'

- temperature

» - overvoltage

At the equilibrium rest potential, = 0. The sign of 7 determines whether

one is operating cathodically or anodically.

As the overvoltage is increased

anodically, the rate of the forward reaction increases with respect to the

reverse reaction (Eq. 1).
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will then increase from zero and reach a plateau. The plateau will occur
when (1'f - rb) is sufficiently large that the system becomes diffusion
controlled. The ratio of the forward to reverse rates of reaction may Le

formed directly from Eq. I

(s)
-r£ _ CR nnF (2a)
T ol®) ®XP- | TRT |

oXxX

(s)
R
of magnitude less than the bulk concentration. If the two species have

In the diffusion controlled regime, the value ot C_ "~ is at least two orders

Schmi“t numbers of the same oraer 6f magnitude, Gg') will be about double
x

the bulk value. Thus, if the solutions are equimolar in the bulk, for n =1

T -2 ~(00)
-1_—f = 10—((.:)_ e~3s 7 (2b)
b c'®
= 10-2e7¥7
.The surface concentration of R may be less than 10~ 32 c!® 1yt an

R
anodic overvoltage of 0.300 - 0.400 volts (9 is negative) is usually

sufficient to reach the plateau. Figure ]l shows a polarization curve
obtained for the oxidation of the ferrocyanide ion to the ferricyanide ion in

1M KCI.

- Hydrodynamics

The co-ordinate system which is used for two dimensional boundary-
layer flow past a cylinder is chosen such that the positive y-axis extends out
away from the cylinder in the radial direction and the positive x-axis increases

clockwise in the circumferential direction from the front stagnation pcint. Of

interest here is the asymptotic case of Re = @, Sc - . The flow and

continuity equations may be written in dimensionless form with all velocities
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relative to Uoo and all lengths relative to the cylinder diameter, d:

du du 1 d3u dU(x)
U Y Ve T TRe iy - W xR

du . dv . (3a)
dx dy -

For flow past the front stagnation point of a cylinder U(x) = x (4).

Letting
u = xf'(n), withn=\[l_>:; v, Eq. 3a may be transformed to
f''Y 4 ff" 4+ (1-£'2) =0 3b)

Equation 3b has been solved numerically and f(n) is tabulated in Schlichting (4).

. . . . C -
Defining a dimensionless concentration, 8§z—— where C(OD)

e‘c(s) - C@)

3 S) . . g
is bulk and C( ) is the surface concentration, one may write the mass

transfer equations as:

39 39 _ 1 329
U Y V3, T Sc e (4)
Wh}ere V = \/Re v

Boundary conditions
n=20 6 =1

N -~ 9..'0

For Sc - o0, the mass boundary layer is much thinner than the momentum

boundary layer. One may, then, expand u linearly in 5. Thus:

u =3 n = B(x)n
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| and
1 d
V S - E d_x [3()()] 172 (5)

One may eliminate Sc from Eq. 4 by istting z = Sc l’i:’r’. Under the above

cransformations, one htains the new equation (1):

ﬁ(x)g—g - zza— & [ﬁ(xﬂg -‘%:—92 | (6)
Let

6 = e(g(ix)) X3
Thus

9+ e 2 et £ 2] (72)
If one sets |

Blx)g?g' +5?_—3 %é &
then

(9) 1/5 X 1/3
g = ——— | fﬁ(t) dt
V8 [“0 ]

The choice of 3 is quite arbitrary. Eq. 7a becomes

3%g 2 36 '
—— 3 == = Q 7b
of? ¥ . $ ¢ (7o)

Boundary Conditions
£E=0 6 =
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Solving Eq. 7b under the imposed boundary conditions

3
-t
f:oe dt

9 = 20— {8)

o)

. . .th .
The diffusional flux of the i~ component to the surface may now be easily

calculated.
D Re¥?5c'\? c(m)-c(s)) “h
= -D g_c_ _ im ( 1 fé‘ [fx B(t)dJ
im dy y=0 d gi/3 3) o (9a)
with
Bix) = £'"(0) U(x) = 1.2326x
Thus
D C(m)_c(s)
im i

= d [v.660Re? sc1/°] . (9b)

The diffusion-controlled current depi. .1 by the plateau of Fig. 1 corresponds
to the condition(C(s)i‘? 0. The current is related simply to the concentration
gradient at the electrode by:

dc.

I = -nFD, !

im 3y (10)

y=0

where
.th
n = charge of i  component
F = 96,500 M
equwalent
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For the translating electrode, Eq. 9 may be put into a more convenient form.

Let:

Rs T
Uoo = 30 Q
where
@3 = rotational speed (rpm)
Rs = shaft radius
Thus

R Y
= .(4.125 x 10%)np ¥ Dim’/:‘(—d—s— 70‘/“ c:i(°°’ (11)

Figs. 4, 5, and 6 are graphs indicating the lmearzty of T with 2 for the
ferricyanide-ferrocyanide system.

The theory presented above i» for free stream flow past a
staticnary cylinder. ItAis more practical, however, to rotate the cylinder
in a siationary bed of fluid. The equations presented above are applicable
to both Tow systemsif the boundary conditions are the same. Translating
the cylinder through a stationary fluid does, however, create a -ertain
degree of free stream turbulence. The boundar; conditions at the outer
edge of the boundary layer will not, therefore, be identical to those used
in the formulaiion of Eq. 11. The use of laminar boundary layer theory
to describe the translating cylinder must be justified experimentally, It
is clear at the outset that there will be certain limitations. The size of
the cylinder will determine the inten'sity of the free stream turbulence,
and if deviations from the laminar theory occur, they will be predominant

with the larger cylinders,
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Experimental Results

The potassium ferricyanide-ferrocyanide system has been selected
for this work since it has been studied by other investigators and has been
shown to be, electrochemically, a relatively rapid reaction. Of initial
interest are the values of the diffusion coefficients for the reduced and
oxidized species. These values have been calculated by other workers (3, 6)
using various techniques and supporting electrolytes. The values which have
been obtained here are given ir Table III. The values have been obtained
from a least squares analysis »f the slopes of the graphs shown Figs. 4,5,
and 6 in accordance with the laminar boundary layer theory pres-nted in the
previous section. These grapiis are bound in a region of Reynolds number
from 200 to 8000 and are well within the limits of the laminar boundary
layer theory.

The tank as mentior ed in the previous section, has been equipped with four
equally spaced baffles around its perimeter. The baffles offer resistance
to the main body of the fluid and reduce the overall rotation of the bulk.
Observations of small particles in the fluid indicated that at least until the
point where free stream turbulence began to control the transport process
the bulk rotation was negiigible. If the fluid were rotating in the bulk the
apparent Reynolds number would be greater than the actual value and in
curves similar to Figs. 7,8,9, and 10 the values of the currcnt density
would tend to fall below the line given by the laminar theory. This was,
however, never observed.

Figure 3, which is a graph of the frequency of turbulence as a
function of rotational speeds indicates that turbulence may be present in
the tank at relatively low Reynolds numbers. The frequency increases
rapidly at the lower rotational speeds and then tends to level off with
increase speed of rotation. The graph shows points taken with all of the
cylinders, and with the exception of the large electrode on the 1" cylinder,

the frequencies are of the -samc order of magnitude independent of Reynolds

o
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number, and a function only of the rotational speed. The 1' cylinder

gave 'l.ower frequencies for a given speed. The amplitude of the fluctuation
is, however, a marked function of the cylinder size, decreasing with
decreasing diameter of the cylinder. This is, indeed, what one might
intuitively expect if it is the cylinder itself which is creating the free
stream disturbances which are in turn causing the current fluctuations.
The variation of current amplitude with cylinder size is given in Table IV.
The current fluctuations which were recorded are direct measures of the
fluctuaticns in the concentration gradient through the mass boundary layer.
Since C‘ocais a constant and C(s)—. 0, the fiuctuations indicate that the
boundary layer thickness is oscillating due to the influence of the free
stream turbulence. '

As would be expected, the size of the cylinder is a key factor in
determining the turbulent characteristics of the system. Figures 7 through
16 are graphs of the current and the square voot of the rotational speed. The
currents have been taken as the mean c¢f the fluctuations. In Figure 12,
where there is no apparent curvature, the linear portion extends from a
frequency of 0.08 c. p.s. to about 3.08c. p.s. Since the line extends to
such small frequencies, where the laminar theory would apply, if anywhere
at all, it can be argued that the mean of the fluctuation is given by the
laminar theory up to the point of curvature. It is upon this basis that the
linear portion has been used to determine diffusion coefficients.

Equation 1] indicates that from the standpoint of the boundary
layer theory it would be advantageous to make the size of the cylinder as
small as feasible. Thus, although for a given rotational speed the Reynolds
number has decreased, the concentratioun gradient has increased. As will
be indicated subsequently, however, there is a practical limitation to the
cylinder size as governed by the size of the electrode. Figures 7,8, 9,
and 10 show that the rotational speed at which curvature begins increases

as the cylinder diameter decreases, with no apparent curvature present




in Figures 11,12, and 13. The increase in Nusselt number must be

attributed to free stream turbulence and not premature tripping of the
momentum boundary layer. Indeed, curvature has been observed in

the region of Reynolds numbers from 3,000 - 10,000 where the boundary
layer should be quite stable with respect to external effects.

It can also be shown that the width of the electrode surface
governs the onset of curvature. Figures 7,8, and 9 depict the current-
speed behavior in the same tank with the same size cylinder, but with
different size electrodes. When one averages the Nusselt number over
a larger surface area, the curvature bcoins at a lov :r speed. By
reducing the angle of the electrode from 8° to less than 1° the speed at
which curvature begins may be increased by 45%/0. This effect is
brought about even more vividly in Figure 14 where the current-speed
graph is given for the 0, 125" cylinder. Although this cylinder was small
enough to cause small amplitude fluctuations, as given in Table IV, the
angle of the electrode was 140, large enough to cause curvature at a
Reynolds number of 3,000. The average Nusselt number will vary
linearly with the square root of the Revnolds number. and independently
of the size of the electrode, if the velocity in the potential flow regime
varies linearly with x. Since curvature appears with the small cylinder
at an angle of 140, the free s*ream turbulence introduces higher order
terms in x much s‘ooner than the laminar theory would predict. For the
boundary layer theory an angle of 20° should still suffice for the stagnation
region. Figures 7,8, and 9 with the 1" cylinder indicates that the higher
order terms come into play at smaller values of the x-coordinate when
the scale of turbulence increases.

It is also of interest to note that in Figures 7 and 9 after the
transition from the initial straight line occurs, the graph assumes a new
line with a larger slope. It is possible to explain this behavior if a quzasi-

steady state mechanism is assumed for the mass and momentum transport

67




processes in the presence of turbulence. Ina quasi-steady state sytem
the velocity and concentration profiles are assumed to satisfy the time-
independ transfer equations (Eq. 3) at any instance of time. Under the
framework of the boundiary layer transformation the s'pacially dependent
Nusselt number may be expressed, for any geometry or potential velocity

field, as

Nu(x) = b(x)Re /25173 (12)

This is the asymptotic expression for Sc - ®. For stagnation regime
flows b(x) = constant. In Equation 12 the Nu(x) has been time averaged,
and the average value is assumed to be time independent. Observations

of the current fluctuations in Figure 2, indicate thatthe mean current

is independent of time, supporting this assumption. As the free stream
velocity alters its spacially dependent character with changes in the

~ intensity of turbulence, b(x) becnmes a function of rotational sp:-ed. As
mentioned above, the frequency of turbulence appeared to level off after
its initial rapid rate increase. If this may be taken as also a region where
the turbulent effects level off, then b(x) would become only a function of

x again. Thus

*o - *o
‘g Nu(x)dx = Nu = Re*/25c1/3 "; b(x)dx

Xo *o

Rel”/? Scx/aa(xc).

In Figs. 7,8, and 9 the size of the electrodes were constant, thus
a(xo) would be a parameter of the system. The system would then become
linear again with ti.e square root of Reynolds number. This argument
can only be substintiated more conclusively after further studies on the

effects of the electrode size on the average value of the Nusselt number.
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At the present there is no clear explanation for the difference in

the observed points of curvature anodically and cathodically. The solutions
were equimolar in ferri-and ferro-constituents and diffusion coefficients.
This result was reproducible in a series of runs. It might be possible that
an explanation lies in the elucidation of the effects of transportirg a charged
species through an oscillating velocity field. The curvature cannot be
attributed entirely, however, to the charge of the species being transported
to the surfacc of the electrode since curvature was also obtained with the
hydrogen gas ionization reaction as showr in Fige. 15 and 16. Here the
species of importance is the neutral H?. molecule. Also,decreasing the
size of the electrode increased the rotational speed at which the onset of

curvature was noted for the hydrogen systems. This is shown in Fig. 16.
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Conclusions

Although the frequency of turbulence did not appear tc be a function
of the cylinder size, the amplitude did decrease as the ¢ylinder diameter
decreased. The 1' and 3/4" cylinders gave curvature whereas the 1/2"
and 1/4'.' cylinders obeyed the laminar theory in the ra..ge of rotational
speeds that were investigated (2 - 170 rpmy). The curvature in the 1/8"
cylinder is attributed to the large angle (140) which the electrode subtends
in the front face of the cylinder. Changing the angle frrm 8° to 1° in the
1" cylinder increased the speed at which curvatu ‘e commenced by 459/,
It should be observ;ed, though, that although c'urvature in the 1/8" cylinder
occurred at a Reynolds number of about one-third that of the 1" cylinder,
the current Correspondiny to the point of curvature was about three times
as large for the 1/8" relative to‘the " cylinder. It would, of zourse, be
possible to use a cylinde r-electrode arrangement that gave curvature if
the kinetics-controlled régime remained bounded below the region of

curvature. It still mus* be verified €xperimentally that when one approaches

noted above, the point of Curvature was different anodically than cathodically,
Suggesting that the charge of the species plays some role in the deviation
from lirearity. It should also be possible, after further experimentation, to
correlate the data and obtain an empirical fit for the second linear portion of
the graphs in Figures 7 and 9. The correlation would involve varying the
size of the cylinder, electrode,and possibly the ratio of the shaft radius to
tank radius., An empirical relation . if so obtained, would greatly increase

the region of applicability of the translating cylinder electrode.
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a.

Re
Sec

Table {
Nomenclature

concentration ;moles/cc)

cm?

secC.

diffusion coefficient

diameter of lucite cylinder {cm)
electrons

Faraday ‘Qq‘:ﬁvalent 96, 500 cou.lombs
equivalent

dimensionless stream functicn

: - 1/
(g3
function of x used in similarity transformation —7;—[[: /ﬁ(t) d}

ma

-/
cm

current density

total current (ma)

number of electrons transferred in electrochemical reaction
Reynolds number

Schmidt number

total pressure-atmosepheres

2 calories

universal gas constant ~—m————o—
g gm-mcle -°K

radius

absolute temperature °k

dummy integration variable

x-component of velocity in boundary iayer
x-component of velocity at outer edge of boundary layer

free stream velocity

y-component of velocity in boundary layer

+

3

co-ordinate measured zlong circumferential direction from leading

edge of cylinder
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—

8

O 3 1

g

co-ordinate measure radially from surface of cylinder

Sc/3 5 - radial co-ordinate scaled by Sc'3

Greek Symbols

dimensionless velocity gradient at wall - —

gamma function

overvoltage -dimensionless radial co-ordinate scaled by Re e

angular velocity (rpm)
' 2

kinematic viscosity

density -SHTTS

sec

b g g . g Z
similarity transformation variable ——

g(x)
c.-do

dimensionless concentration ratio ~
c(s) ol

Subscripts and Superscripts

individual species
mixture
conditions at electrcde surface

conditionsin bulk electrolyte
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. iy

Q (rpm)

1
1
2

e B VS RS B § ) T o Y N}

li,
14.
18.

2.1
3.8
6.1
9.5
2.5
6.2
0.3

.32
. 979
.43
. 06
.48
. 30
. 54
10
10
20

Calculation of Diffusion Coefficients for

Electrode - Platinized Platinum
Area - 0.42 cm2
Voltags - 0.600" N.H. E.
Electrolyte - 1.0 M KC1

Yz i{ma)

1..45 0. 345

1.95 0. 450

2.47 0. 560

3.08 0.680

3.54 0. 790

4.03 0.900

4.51 1.020

DFe(CN)-4 = 5.19 x 10" cm?/sec.

1.52 0. 350

0. 989 0.220

2.33 0. 520

2.66 0.590

1,87 0. 425

1.52 0. 350

2.35 0.520

3.33 0.739

3.76 0.810

4. 27 0.920

DFe(CN)6-4 = 5.11'x l0-6cm.2,/se<:.

Table II

KQFC(CN)b and K3Fe(CN) in KC1

T4

)

ma
cm

. 823
. 074
. 337
. 623
. 885
. 148
434

. 835
. 525
. 241
. 408
.014
. 835
. 241
. 742
. 933
. 196



{l{rpm)

10.2

Table II (coat )

Electrode - Platinized Platinum
Area - 0.42 cmz
Voltage - -.175'N.H. E.
Electrolyte - 1.0 M. KCl
QY2 i(ma)
3.19 0.73
3.41 0.77
3.86 0. 87
4.21 0.94
4.93 Vol
4.79 1.650
4.61 1.025
4. 44 0.980
5.11 1.130
5.35 1.180
5. 2-4 1.150
3.10 0.710
2.94 0.é670
2.179 0.630
D -3 =6,20x 10" cmZ/sec
Fe(CN)6
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ma
cm?

. 742
. 838
.076
. 243
. 625
. 506
. 446
. 339
. 697
. 816
. 745
. 695
. 599
. 504




Component

K4Fe(CN)6
K3Fe(CN)6
K4Fe(CN)6

K3Fe(CN)6

H KsFe(CN)6

K4Fe(CN)6

K3Fe(CN)6

Table III

Diffusion Co. ficients

D Supporting Electrolyte
=
b
5.0 x 10°05m 1.0 M KCi
sec
-6 cmz
7.0x 10 1.0 M KC1
sec
-6 c:x'n2
4.9x 10 0.5 MK_SO
sec 2 4
7.2 x 10°95m 0.5 M K_SO
sec 2 4
-6 c:x'n2
5.8x 10 2 N NaQH
sec

From the Translating Electrode

2

5.15 x 1070 SMm 1.0 M KCl1
sec
-6 c:m2

6.20 x 10 1.0 M KCl
s8ec
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Cylinder Size

Table IV

Amplitude of Current Fluctuations

Speed {(rpm)

1||

3/4n

1/4:!

1/8”

where

Ai

il
e

max

82.
35.
12.
52.
17.
20.

10.
61.
22.
85.

129.
50.
22.
35.

131.
118.

24.
.35

min

w N o O

Lo RN e e =

~ N WU O

(o)

Al
Current (ma) i
0.73 19. 1
0.45 16. 7
0.28 14. 3
0.52 19.2
0. 32 18.8
0. 35 14. 3
0. 89 11.2
0. 66 13.6
C. 40 11. 2
0.79 15.2
0.98 21
0.61 3.3
0. 40 5.5
0.51 5.3
2.0 2.5
1.83 2.7
0. 80 3.8
0. 42 5.2
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B. Heat and Mass Transfer From the Surface of a Cylinder with

- Discontinuous Boundary Conditions %o an Incompressible Laminar

Flow (See Supplement No. ! accompanying this repert.)
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Figure 3 Frequency of Current Fluctuations vs. Rotational Speed
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Figure 5 Current Density vs. Square Root of Rotational Speed
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Figure 6
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Figure 9 Current vs. Square Root of Rotational Speed
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Figure 10 Current vs. Square Root of Rotational Speed
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Figure 12 Current Density vs. Square Root of Rotational Speed
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Figure 13 Curreut vs. Square Root of Rotational Speed
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Figure 15 Current vs. Square Root of Rotational Speed
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