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SUMIARY

In using the sodium~line reversal technigue for measuring temperature,
a discrepancy between calculated and measured temperatures behind shock waves
has been observed, Possible reasons for this discrepancy are discussed.
These include (i) boundary layer effects, (i1) reduction of the shock speed
caused by dissociation of Na I, (iii) collision-limiting and non-equilibrium
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1 INTRODUCTION

The sodium~line reversal technique as developed by Clouston, Gaydon and
Glass! has proved to be a powerful tool for measuring temperature in a shock
tube, The %echnigue is effectively a comparison of the radiation from small
amounts of sodium added to the test gas with the radiation from a source of

known temperature, Early results?s? showed that the measured temperatures
were in rough agreement with values calculated from the shock speed.  However
recent experiments at R,A.DI, have shown that the measured temperatures are
between about 60°C and 100°K lower than the calculated values, A similar
discrepancy has been observed by Bauer” using chromium carbonyl instead of
sodium, I the method is to be used to determine temperatures accurately, the
reason for this discrepancy must be understood.

Possible causes of the discrepancy are (i) collision limiting of the
radiation from the sodium {ii) chan,e of gas properties by the addition of
sodium (iii) large reflectivity of the sodium (zv) bourdary-layer effects,
These causes are examined below, and the conclusions used to interpret experi-
mental work performed to determine which plays the greatest role.

2 DESCRIPTION OF THE SODIUM LINE REVERSAL TECHNIOUE

The apparatus for the single-beam line reversal technique is drawn
schematically in Fig.1. Light from a tungsten lamp is focussed by lens 4
at the centre of the shock tube, and by lens 2 at the photomultiplier. 3tops
are provided to ensure that the effective area and solid angle as seen by the
photomul tiplier are the same for radiation from the gas and from the tungsten
lamp, and an interference filter is used to isolate the sodium D lines, The
temperature of the tungsten lamp is measured with an optical pyrometer,

The test gas is passed over heated sodium 1odide before being admitted to
the shock tube, and so contains a small amount of sodium iodide, The passage
of a shocl: wave through the gas dissociates the sodaum iodide, gaving free
sodium atoms.  Before the shock arrives the photomultiplier receives radiation
from the tungsten lamp only; after the shock has passed it receives radiation
from the tungsten lamp, but partially absorbed by the sodium in the test gas,
and also the emission from the sodium, If no change in signal is seen (a so-
called "match" or "reversal®) then the emission from the sodium must equal the
amount of radiation {rom the tungsten lamp absorbed by the sodium, i,.e,

R (Ty) = (-a)R(T) + e R (T) (1)
C | ——— - “ v . -~ )
Radiation from Transmitted radia- Emitted radiation
lamp alone tion from lamp from sodiunm
where Rw(T) = spectral radiancy at temperature T and wave number w

N = spectral absorptivity of the sodium

€ = spectral emissivity of the sodium

TB = black body temperature of the tungsten lamp

TNa = temperature of the sodium,
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The spectral radiancy is given by the well known formula of Planck

2
Rw(T) - 2ehe w (2)

()7

where h = Planck's constant

It

C

speed of light

k = Boltzmann's constant,

]

By Kirchhoff's Law, o, = E, and consecuently, at a match

R(Tg) = R (Ty,) (3)

which can only be satisfied if the temperature of the sodium is the same as
the black body temperature of the tungsten lamp. Since the above iz true
at all wave numbers, the result i1s unaffected by the fact that the photo-
multiplier receives radiation over & range of wave numbers (as determined
by the interference filter).

The assumntion is now made thal the temperature of the gas is the same
as that of the sodium, Thus af the tungsten lamp can be set at an appro-
priate temmerature, and if the strength of the shock can be controlled accurately
enough to achieve & match behind the shock, the gas temperature can be measured,
In practice this is difficult to do, and it is preferable to use a double beam
technique instead,

The double beam technique employs two beams of the type just described,
However, instead of attempting to set the temperatures of the lamps at the
gas temperature, one is set higher, and the other lower than the expected
temperature behind the shock. Then if one lamp is at & black body tempera-
ture T,, and its photomultiplier gives a signal y, behind the shock (relative
to the signal before the shock passage, 1.e. y; is the A,C, signal only), and
Tp end y, are the lamp temmerature and photomultiplier signal for the other
beam

o= Ky f el Tye) -~ R (Ty)] v (&)
Do

Yo = kz‘/ e [Ry(Tge? = R (Tp)] do (5)
Lw



where the integration is 1o be performed over all wave numbers for which ¢
differs from zero {i.e. over the whole "width" of the D lines), Here k is a
constont of proportionality depending on the geometry of the beams, the trans-
mission of the interference filter and the photomultiplier response, and must
be made equal for the two beams by prior calibration, Sance the lines are
narrow it is possible to approxi-ate the above expressions by

y - x|Rr (T)-R(T)mfarlw (6)

1 |y, Na W, 1 N b w

¥, = ¥k|R (Tys) - R (T,) [ g, dw (7
. © 8] - AO.)

where w_ is the wave number at the centre of the lines. Equations {6) and (7)
can be solved to give

y
1
R, (Ty) = R, (7)) + T3 T R () - R (T1y] (3)
o o 1 Y27 L 7o 0 —
which determines the temperature of the sodium atoms, and

/" Sw (.Y1 - YZ) (9)

dw = mll
o Kl (1) - R (1, )|
. O o}

For an optiocally thin ges ]’ g dw is proportional to the concentration of the
A

sodium atoms, and so a relative measure of 1his guantity could be obtained from

the photomultiplier signal, Tor an optically thick gas /‘ € dw is a more

bw
complicated function of the sodium concentration, as will be seen later,

Thus the double beam technigue gives the temperature even when no match
has bheen achieved, and provides a measure of the sodium concentration in
addition,

3 SOURCES OF DISCRIEPANCY

In the above description of the sodium-line reversal technique, several
assumptions have been made (either expliciily or implicitly). These must now
be examined to see if they do in facl hold, and if their feilure to hold could
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give rise to the observed disagreement between measured and calculated
temperatures,

3.1 Collision limiting

Previously the assumption was made that the temperature of the sodium
i3 the same as the temperature of the gas. Gaydon4 has suggested that the
sodium will tend to equilibrate with the vibrationel temperature of the gas,
which may differ from the iranslational temperature, However the present
tests were done in oxygen at llach numbers such that the vibrational relaxation
time was short, and hence no difference exists between the vibrational and
translational temmeratures of the oxygen, The question as to whether the
sodium atoms in fact achieve equilibraum with the gas still exists, TFor the
radiation from the sodium to be at the equilibraum value for the gas tempera-
ture it 13 necessary that the population of exclted sodium atoms ?i.e. the
rediating species) be at the eguilibrium value, The population of the excited
level of the sodium is brought about by collisions, and depopulation occurs
either by collision or by emission of radiation, TIf the emission of radiation
is capable of depopulating the level faster than it can be populated by
collisions, the population of the level will be below the egquilibrium value,
and the radiation is then said to be “collislon limited",

It has been suggested that this phenomenon is the reason for measured
values of flame temperatures being lower than theoretical valuesd, TFor the
population of the excited sodium to be at the equilibrium level, the rate of
depopulation by collisions must be greater than that by radiation®, Thus if
binary collisions are responsible for deactivation, a necessary condition for
equilaibrium radiation is

[Nad

—= <oV [Na-1[x] (10)
R

where [Na-] is the concentration of excited sodium

is the radiative lifetime of excited sodrum

"R
o is the cross-section for deactivation of sodium by gas X
v is the mean veloocity of collisions between sodium and X

{X] 1is the concentration of the test gas.

For sodium T, = 1.6 X 10'8 sec (Kef.7). Unfortunately o, the deactivation
cross-section of Sodium is not known f'or oxygen, the parent gas in the present
experiments.,  However, for hgdro§en as rent gas, o = 0.7% x 1015 ¢n?, and
for nitrogen, o = 1,45 x 10~15 em (Ref.B?? so it does not seem unreasonable
to assume a value of ¢ = 10~15 cm? for oxygen, Using this value, and numerical
values of v end [0,] appropriate to & shock at M = 6.5 propagating into 10 mm Hg
of oxygen, the conaition above becomes



—_— + << 1,56 % 109 (11)

1.6 x 10"

and is thus reasonably well satisfied, Consequently collision limiting is

not likely to cause the observed discrepancy, particularly since the above
calculation 15 eflectively for an optically thin gas, whereas in fact the gas
will be fairly thick optically, and will re-absorb most of the emitted radiation.
Hovever, if collision limrting 18 occurring, its effect will be reduced if the
oxygen density (and hence number of collisions/sec) 1s increased, and will be
increased if the oxygen density is reduced, but it wall be independent of
changes in the sodium concentration.

3.2 Effect of scdium addition

The temperature of the gas behind the shock is usually calculated from
the shock speed by assuming that no sedium is present, the actual sodium
concentration present being considered too small to affect the temperature of
the gas. The amount of sodium introduced into the gas is in fact diffacult
to control, In the nresent experiment sodium is introduced by passing the
test gas over heated sodium lodide immediately before entering the shock tube,
Behind the shock wave the sodium iodide becomes dissociated, and hence the gas
must supply the heat of dassociation, If appreciable amounts of sodium lodide
are present, this will lower the temoerature behind the shock (i.e, compared
with & shock of the same speed into & test gas containing no sodium). In this
section calculations of the temperalure behind shocks in oxygen containing small
amounts of sodium iodide will be made, 1n order 1o estimate the magnitude of the
effect.

The enthalpy for & mixture of oxygen and sodium iodide for whach ¢ is the
ratio of the number of sodium iodide molecules inaitially present 4o the total
nunber of molecules inxtielly present is

H = BE-[—Z—+(1-0)[—%0,+(1 - a) n]+-g-c B}+(1-C)G%TDO+GB%TDMI
2

eoo (12)

where m = average molecular weight of the gas = {1-0¢) My +C My r
2
a = degree of dissociation of oxygen
B3 = degree of dissocciation of sodium iodide
n = electronic and vibrational energy of oxygen per mole divided
by RT
TD = dissociation energy of sodium iodide expressed as a temperature
NaT
TD = dissoeciation energy of oxygen, expressed as a temperature.
0
2
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No vibrational energy hes been included for sodium iodide as it will not be
excited before the shock, and the sodium iodide is completely dissociated
(1.e. B = 1) behind the shock for the Lach numbers of interest here. Also
the sodium iodiade has been treated as a gas, which may not be true,

The equilibraum conditions behind ihe shock will be given by the solution
of the conservation equations, the equation of state, and the law of mass
aotion equations for equilibrium, In shock-Tixed co-ordinates these equations
are

Conservation of mass Py Wy = P Y A
. 2 2
Conservation of momentum By + Py Yy =Pyt Py Yy g (13)
2 2
Conservation of energy H, + u1/2 = H, + u2/2
vt RT

Equation of state P = pT f1+ (1~ c) a+ ¢ Bl,
2
%2 Km

Law of mass action for oxygen dissociation o, = 0, T Lo W D)
2 oY

(14)

Law of mass action for sodium iodide dissociation 61 = 0, 82 =1,

where K

equilibrium constant for oxygen dissociation

N

o Avagadro's number,

Suffix 1 refers +o conditions ahead of the shock, and suffix 2 to conditions
behind the shock, The calculation of K and m is described in the Appendix
to Ref.9 -~ these calculations have been repeated and the results are given in
Table 1. The conservation equations and the equation of state combine to
give

P2 2 - ) -1 (15)
Py RT, py RT,
[1+c+ (4 -0¢)al — - E— -
2

The term involving 91/92 an the denominator on the right-hand side of thas

equstion is small compared with the other term in the denominater.  Con-
sequently little error 1s made by guessing 91/p2 in this term (but not on the

left-hand side)., The equation can then be used to eliminate pp from the law

-9 -



of mass action expression for oxygen, The resulting eguation is solved for
¢, at a given T,, and hence H, and po/py c&n be caloulated.  This 92/p1 is

then used as a new "guess" on the right-hand side, and the process repeated.
Jhen consistent results are obtained the velocity of the shook is given by

2 2(Hz - H1)
u =

(16)
T e (py/py)’

from which ihe Mach number follows, il = u1/a1.

Using this iteration scheme the shock equations have been solved on the
R.AE, liercury computer for o = 0, 0,002, 0,004, 0,006, 0,010 and 0.020, at
initial pressures of 5 mm Hg, 10 nm Hg end 20 mm Hg, In figures 2,3 and 4
the tenperatures behind shocks are plotted as a function of shock Mach number,
From these plots it will be seen that an addition of 1% (o = 0.010) of sodium
iodide drops the temperature behind the shock by about 100° at Mach 7., The
depression of temperature appears to be proportional to the fraction of sodium
nresent, but is almost indenendent of initial pressure at a given Mach number,
The effect is more marked at lower shock speeds, where the dissociatlon energy
of sodium iodide is a larger fraction of the total enthalpny.

The presence of 1% of sodium iodide could therefore explain the observed
discrepancy. This can be verified experaimentally by measuring the fraction of
sodiun iodide present, and by determining whether the discrepancy is proportional
to the reletive fraction of sodium iodide present.

3.3 Effect of reflectivity

It was assumed previously that the sodium absorbed all the radiation from
the tungsten lamp that it did not transmit, In fact the sodium may refleci
some of the radiation, The transmissivity of the sodium at wave number w
becomes in this case

c = (1= r - aw) (17)

[64]

where r, = the ref’lectivity of the sodium. Thus for the pholomultiplier to

receive)the same amount of radiation in front of and behind the shock (i.e. at
a match

Rw(TB) = & Rm(TNa) + Rw(TB)(‘l -r, - o) (418)

using Kirchhoff''s Law again,

R (Tye) = Rm(TB)E * Eﬂ (19)

- 10 -



Therefore the temperature of the sodium is higher than that of the lamp at a
match, and to assume that T s = T. underestimates the temperature of the

sodium, As early as 1902, Lummer and Pringsheim!O suggested that this might
be the cause of measured flame temperatures being lower than theoretical values.

At the temperatures and wave number in question here, the spectral
radiancy can be approximated by ien's Law

2 5 hew 20
Rw = 2aho W exp(-w . (20)
Inserting (20) into (19) leads to
2
(T, ) x r
~ _w\
Tya = T ® —hoo— n (1 * = (21)
For the sodium D lines w = 16,970 cm"1. The shocks used in the experiments

were such that TNa = 2500°K, and for an optically thick cas € > (4 - rw).

Consequently

N 1
Tye = Ty ® 260 ¢n (1 - 1“) . (22)

Thus if the reflectavity of the gas can be calculated, an estimate of
temperature difference betwesen the sodium and the tungsten lamp can be nade.
The spectral reflectivity is related to the index of refraction n, at wave
number w, by

n = 1
r :(m \

W n o+ 1/ ’

(23)

The index of refraction of a spectral line 1s given by dispersion theory11:12
as

2N & £ Lo - w)

2
(n - 1) = (Elr.)
2 2 '
w m w0[167t e (w = wo)2 + YEJ
where e = c¢harge on an electron
m = moos of an electron
N = density of sodium atoms in atoms/cc

= oacillator strength of sodium line
w. = wave number at centre of the sodium line

= reciprocal of the effective radiative lifetime,

-1 -



The maximum reflectivity will be at minimum index of refraction which ococurs
at ~bx o{w-w,) = y and is

al I 32 £
R2o1) = -
W mew, Y

1.7 x 1070w g, . (25)

o]
For the sodium line at A = g890 A, £ = 0,67.. It ¥i11 be shown later that in
the experiments N = 5 x 1012, and v % 3 x 107 sec=1 when the initial pressure
is 10 nm Hg, For these conditions

(B2 - 1)

~0.6
@

u

0,05 . ‘ (26)

24

and hence r

From equation (22) the temperature difference between the sodium and the
tungsten lamp turns out to be 129K,

The above calculation has only considered one wave number - that for
which the reflectivity is a moximum, In fact the photomultiplier receives
radiation over the whole width of the spectral lines, and the calculation
should be modified accordingly., However this cennot give a greater temperature
di ference than that found al the maximum reflectivity, and since this is small
compared with observed temnerature differences, the calculation is unnecessary.
A more valid criticiom of ihe sbove calculation is that it has neglected Doppler
broadening, although ithe lines are predominantly Doppler-broadened in the experi-
ments, For Doppler-broadened lines the index of refraction will be given by

_<%26n€)
b2

i L e
(02 - 1) = & e?‘_g (&n2)* [ ba(w -0, + x) D N
w T o nw
R 167° Gz(w -, + x)2 + y?
«oe {27)

]
1 3
where by = Doppler half width of the spectral line = (en2)% <ggg> 0, -
me

In view of the complexity of the integral, the calculation has not been
performed for this case, However it does not seem likely thet the result of
such a calculation would dxffer markedly from the previous result.
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The conclusion is that reflectivity i1s unlikely to be the cause of the
observed temperature discrepancy. This can be verified experimentally by
observing whether or not the temperature discrepancy depends only on absolute
sodium concentration, as would be the case if' it were caused by reflectivity.

3.4 Boundary-layer effects

If the sodium is not in an isothermal region, the line reversel technique
will measure some form of average temperature. Strong and Bundy13 have
performed calculations for the case of two adjacent isothermal regions of
different temnerature, and have shoun that it is not necessary that reversal
be achieved at each wave number in order to obtaain an overall reversal with an
instrument of low resolution, That is to say that the two layers of sodium
may absorb more radiation from the tungsten lamp than they emit at some wave
numbers, and emit more then they absorb at other wave numbers, but when
integrated over all wave numbers, the amount of radiation absorbed equals that
emitted. These calculations checked well with experiments on flames.

In a shock tube, a boundary layer develops along the wall of the tube, and
the sodium in the boundary layer will be at a different temperature from that
in the main strean, In order to estimate the apparent reversal temperature,

a knowledge of the density and temperature throughout the boundary layer is
required; this can then be used in an analysis similar to that of Strong and
Bundy. 1In view of the laboriousness of such a calculation it has not been
attempted, and further remarks will be based on more general considerations,

The main difference between any effect caused by the boundary layer and
possible sources of discrepancy considered previously 18 that the boundary
layer changes with time, Thus immediately behind the shock the boundary
layer is of zero thickness, and hence there should be no discrepancy at this
point; further behind the shock the boundary layer has developed, and a
discrepancy may be cobserved, If the effect is large enough %o be observable,
transition to turbulence should be quite noticeable, Boundary-layer theory
shows that the boundary layer thickness depends on the inverse square root of
the Reynolds number, Thus a higher initial density means a thinner boundary
layer, and hence a smaller dascrepancy, Unfortunately any discrepancy caused
by collision limiting 1s also reduced by increased density, and therefore the
time dependence of the boundary layer efflect will have to be used to dis-
criminate this effect from that of collision limiting,

3 . 5 Summ&!:!

For convenience the possible sources of a temperature discrepancy are
listed below, with the factors that affect them.

Sources of discrepancy Discrepancy increases with

Collision limiting decreasing density of test gas

Sodium addition ingreasing ratio of sodium to test gas

Reflectavaty increasing absclute sodium concentration

Boundary layer time; decreasing density of test gas;
turbulence

- 13 -



b EXPIRIENTAL WORK

h,1 Determination of the sodium atom concentration

In order to estimate the amount by which the addition of sodium iodide
can depress the temperature (due to its dissociation energy) and the amount by
which the effect of reflectivity appears to depress the temperature, it is
necessary to have some idea of the concentration of sodium atoms in the tube,
Measuring the amount of sodium iodide added before the gas enters the tube 1s
difficult and unreliable, since some of it settles on the wall of the shock tube.
It is therefore preferable to measure the concentration actually present in the
test gas at the time the shock passes, Since the oscillator strengths for the
sodium D lines are known, this can be done by measuring the radiation from the
D lines behind the shock.

The double-beam apparatus has been used {or this measurement (though a
single beam is sufficient), with the difference that the tungsten lamps were
of { during, the run. The photomultipliers thus neasurcd only the emission from
the sodium during the run, After the run, the tungsten lamps were set at a
black-body temperature equal to the temmerature behind the shock as calculated
from the shock speed, and the corresponding photomultiplier signal noted. The
ratio of the photomultiplier signal during the run to that caused. by the
tungsten lamp 18 & comparison of the emission from the sodium at a given
temnerature with the rediation from a black body at the same temperature, over
8 known wave number range (as determined by the filter) and for the same beam
geometry. The transmission of the interference filter was measured with a
spectrometer (see Fig.5) and the spneciral response of the photomultiplier was
obtained from manufacturers! data.

Theorz

The spectral radiancy of a single line at wave number w is defined by

(28)

where R; = spectral radiancy of a black body at wave number w. The spectral

emissivity €, is given by

~P X
ew = (1 - ) (29)
where Pw = spectral absorption coefficient
X = optical depih = (path lcngth)x(partial pressure of radiating

species)

and hence the line radiancy becomes

-1l -



Rw dw (30)

=
1]
o]

=]

R° (4 - e-PwX dw
[ )

u

mO
o}

i
for a line centred at wy since the range over which €, differs from zero is
very small in the case of a line,
To evaluate the integral it is necessary to know how the spectral
absorption coefficient depends on w. This will be determined by whether the

line 1s collision, naturally or Doppler broadened, The natural line half-
width 2s defined by

1
by = Treom (31)

]
where TR = lifetime of excited sitate = 1.6 x 10 © sec. The collision half-
width is

o
]

A 10 /1 1
= =X 3.37 x 10 o —— e —— 32
c 270 \mNa m02> YT ( )

where o

Tirg

no, = molecular weight of oxygen {gms/mole)

n

optical collision cross-section in (3)2

atomic weight of sodium {gms/mole)

P = total pressure in atmospheres

and the Doppler half-width is

rojs

2k T £n2
by = (“—§L> w, . (33)

0
me
Another important parameter is the line-shape parameter, a, defined by,

(b, +b )
a = —TClynp, (3)
D
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various methods of solving the integral in equation (30) are described in

Ref.11, The results are summarized in the "curves of growth" (Fig,6*) in
: % o O

which R (4n2) /2Rm0 by

arameter, Here P! is
P

is plotted against log10(10.6 P'Y) with a as a

L 2
{(nen2)2 e
bD me c

.= P(1 -

P! =

o=

hWATy  (35)

where e = electronic charge (in e,s.u,)
o © Mass of an electron
N = density of radiating species in narticles/ce
r = partial pressure of radiating species
f = oseillator strength.

P' is related to the spectral absorption coefficient at the line ocentre
P by

W
Q

P, = P'[exp(a2)][erfc:(a)] . (36)

Thus if a << 1, P, ® P*. Consequently if the temperature and total pressure
o
of a gas contailning an emitting specie are known, a and bD can be calculated;

a measurement of the line radiancy yrelds P'X via the curves of growth, and
hence the concentration of the emitter if the oscillator strength is known,

It is also necessary to know the optical collision cross-section, and the path
length of the emitting gas.

Experimental resuliz

An experimental oscillogram of a run with a shock Mach number of 7.04 into
oxygen containin; some sodium at 10 mm Kg pressure is given in Fig,7.
Immediately behind the shock the temperature is 2500°K (but rises further behind
the shock as & result of shock attenuation) and the signal is seen to be 0,06
volts, The photomultiplier signal ¥y is proportional to the line radiancy, the
photomultiplier response at the wave number of the line, and the peak trans-
mission of the filter (since the line is much narrower than the half-width of
the filter) -

Yo« R p =
1 L Wy Wy

¥ Tig.,6 is reproduced from Juantitative Molecular Spectroscopy and Gas
Emissivities by S,5. Pemner by kind pérmission of Addison-Wesley Publishing
Co. Inc, Reading, Hass,
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photenmultiplier response at wave number

where P,

T filter transmission at wave number w.

w

With the tungsten lamp set at 2500°K after the run the photomultiplier
signal was 1 volt, This signal, Yo,28 proportional to the integral for the

filter of the radiency of a black body times the product of transmission and
spectral response of the photomultiplier

e

Ia & / R; Tw Po dw . (37)
0

Since the constant of proportionality is determined by the area and solid
angle of the source, which 1s ihe same for the tungsten lamp and the sodium,
and approximating

o0
B, ¥y [ Ty Py W
—g |— ;ﬂ . -—-—:c-—n-—?)n-r_— . (38)
Rm 2 W, wo

From the measured filter characteristics and the photomultiplier response data
listed by the photomuliiplier manufacturer,
o0

1
Ty, = 0.21 and 5 [ T Pw dw = 120
) ¥ o

and so

jov]
(=

= 3. (39)

e

1

3

= 0.0635 cm_1 and hence

For the conditionsbchind the shock, b, = 0,00016 cm”
- o
bc = 0,0077 cn 1 (assuming again that o = 10 AE), b
a = 0,087. Consequently

D

= 220, (40)
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However, the ourves of growth cannot be used directly, since there are two
sodium D lines, Sinoce the lines are far apart (20 om~!) compared with their
width, their line radiancies may be added to give the efiective line radiancy

- o
seen by the photomultiplier. For the line at w = 16,980 cm ! (» = 5890 A)

. -1 0
the oscillator strength £ = 0.67 and for the line at w = 16,960 em (A= 5896 4),
- ] $ 3 [ =
f =0.33. Hence a value of P Xw=16,980 is required such that P £m=16,980

o
[ I
2P'X - 6 960, and _La—nzo_L (RL + RL J = 220 for a = 0.087.
W=10, 0=16,980  “w=16,96

2'bD Rmo
From the curves of growth this occurs for

_apB
P‘Xw=16,980 = 107 . (41)

The diameter of the shock tube, which is the path length of the emitters, is
5 ems, from which the concentration of sodium atoms

N = 4.5 x 10'° atoms/cc. (32)

Behind the shock the concentration of oxygen molecules i3 2,3 x 1018 molecules/co
and thus ¢ = 0,002, From Fig.3 it is seen that the temperature behind a sheck
into a mixture of oxygen and sodium for which ¢ = 0,002 is only 20°K lower than
the temperature behind e shock in pure oxygen at the same Mach number, This
would suggest that there is insufficient sodium iodide present to depress the
temnerature by the amount found experimentally, However the concentration of
sodium atoms given by the above calculation is not very accurate, as it is very
sensitive to the value of o, the optical collision ecross-section, which was
guessed. I the true value were about half the assumed value, the concentra-
tion of sodium atoms would be three timea greater. Thus to determine the sodium
concentration accurately by this means, and hence decide if it is suffioient to
give the observed diserepancy, the optical collision cross-section for deactiva-
tion of sodium by oxygen must be known,

4.2 lMeasurement of the discrepancy

If the manner in which the discrepancy between observed and caloulated
temperatures behind shocks varics with density and sodium concentration can be
determined experimentally, 1t should be possible to determine the cause of the
diserepancy. Accordingly shocks were run into oxygen containing sodium at
5 nm Hg, 10 mm Hg and 20 mm Hg initial presswe, and the temperature behird
the shocks measured with the double-beam technique, The relative sodium
concentration was varied by altering the temperature of the oven which heated
the sodium iodide. As the shock waves were attenuating, the temperature at
the observation point increased with time after shock passage. Consequently
measurements of the shock speed at various stations along the tube were made,
and the nressure at the observation point recorded. From these measurements

- 18 -



it is possible to calculaie the temperature rise at the observation point;
the method is due to Spencel’,

L typical oscillogram showing the photomultiplier record for a shock
liach number of 6,7 (as measured at the observation point) into 10 mm Hg of
oxygen is given in Fig.8. The analysis of this picture along the lines of
Section 2, together with the temperature rise calculated from the shock speed
measurements is given in Fig.9, From Fig.9(a) it will be seen that the
lemperature measured by the line-reversal method 1s about 50°K lower than the
calculated temnerature shortly after the shock passage, and that this dis-
crepancy remains constant until ebout 80 microseconds after shock passage,
when it increases rapidly. This behaviour is typical of all the records,

The observed discrepancies for the peried in which the discrepancy is
constant are plotted against the dnitial ratio of sodium iodide molecules to
total molecules present in Fig,10", In order to determine this latter
guantity, a run was nerformed with the oven set at the same temnerature as
that used in the run to d etermine the sodium atom concentration, and the
same initiel pressure was used, It was assumed that the sodium atom
concentration was the same for the two runs, thereby fixing the sodium atom
concentration for the arbitrary value of line radiancy measured by the double-
beam technique. TFrom the appropriate region of the curves of growth it will
be seen that

4

R, = N° (43)

where N is the sodium atom concentration, so that the ratio of the concentra-
tion of sodium atoms for & particular run to that for the calibration run is
given by the square of the ratio of the line radiancies for the two runs,

The abasolute value of the result is somewhat dubious however, due to the above
assumption of equal sodium concentration for the celibration run and the run
to determine the sodium concentration and the assumed value of the oxygen
aptical cross-sectron,

From Fig,10 it appears that the discrepancy does not depend on the
density, but does depend on the relative sodium concentration., However the
amount of sodium iodide present is not sufficirent to depress the temperature
to the extent observed, though it would be desirable to make some alternative
measure of the sodium icodide concentration to confirm this, Sance the
discrepancy is independent of density, collision limiting doee not appear to
be the cause, and it was shown previously that reflectivity is an unlikely
cause of the discrepancy, This would indicate that it is the presence of the
boundary layer that causes the disorepancy., This indication is strengthened
by the fact that transition of the boundary layer from laminar to turbulent
oceurs at about the same time after shock passage as the sudden increase in
discrepancy mentioned previously, Transition was detected by heat transfer
gauges, though with some difficulty, as the gauges tended to short out as a
result of the high electron concentration due to the low ionization potential
of sodium,

¥ The straight line is the bisector of the angle between the lines of
regression for all the data points shovn,
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If the boundary layer is ceusing the discrepancy, it would be expected that
there would be no disorepancy immediately behind the shock where the boundary
layer thickness is zero, That this is not observed is primarily due to the
poor time response of the apparatus. As an additional effect in this region,
lack of vibrational equilibrium must be considered.

Concluding remarics

The value for sodium concentration estimated in Section 4 is sufficient to
account for only 209K out of the observed temperature discrepancy of 60° - 100%K
in the first 100u sec of the run, This value however was obtained by use of &
number of questionable assumptions and in particular is very sensitive to the
value used for the oollision cross-section ¢ for sodium deactivation; it
would be desirable to confirm this by an independent measurement of the sodium
atom concentration (in this conneclion a direct spectro-photometric deter-
mination using a sample of gas from the channel is to be made shortly) or by
repeating the experiment with a gas for which o is known, i.e., hydrogen or
nitrogen.,

The most likely cause of the temperature discrepancy at later times in
the run appears to be ihe boundary layer, As a further stage in the research
of which this forms part it is plammed to make an anlysis of the boundary layer
along the lines of Strong and Bundy's analysis of non-uniform flames as this
might point cut avenues of future experimental work to test this conjecture,

Additional evidence for these conclusions is provided by the work of Bauer.
In his case, collision limiting could have played a larger role, as his test
gas wes argon which has a low collision cross-section for sodium deactivation.
However his results have the wrong density dependence for this to be the case,
Bauer was able to include the heat of dissociation of chromium cerbonyl in his
shock calculations as he knew the emount added, so no error arose on this
score, It would appear then that the boundary layer was responsible for the
observed discrepancy in Bauer's work also,
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TABLE 1

Values of electronic and vibrational energy, and of
the dissociation equilibrium constant of oxygen

% n K

2000 0.5747 1.631 x 10'°
2400 0. 596k 6.711 x 10'°
2200 0.6161 2,426 x 10'°
2300 0.6391 7.830 x 107
24,00 0,655 2,229 x 10'%
2500 0.6792 .14 x 10“F
2500 0.696L 1.525 x 1015
2700 0.7171 3.536 x 1015
2800 0.7353 7.715 x 10'°
2900 0. 7531 1,59 x 10'°
3000 0.7705 3,434 x 1010

TeBLE 2
Values of physical constants used

e = eleclronic charge = 4,802, x 10_10 CeB8,U,

m, = mass of an electron = 9,106 x ‘IO"28 gn

h = Plancl's constani = 6.6252 x 10747 erg sec

R = gas constant = 38,3166 x 10 erg/mole °K

k = Boltzmann's constant = 1,38042 x 10-16 erg/oK

c = speed of light = 2,9979 x 10'° on/sec

N, = Avogadro's number = 6.0247 x 1023 molecules/mole

I&bz = dissoclation energy of oxygen expressed as a temperature = 59,3?0°K

TDNaI = dissociation energy of sodium iodide expressed as a temperature = 36,3039K
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