
C.P. No. 712 C.P. No. 712 

MINISTRY OF AVIATION 

AERONAUTICAL RESEARCH COUNClL 

CURRENT PAPERS 

Discrepancies between Theoretical 
and Experimental Values of 

Temperature behind a Shock Wave 
4 

j. WI/son 

LONDON: HER MAJESTY’S STATIONERY OFFICE 

1964 

SIX SHILLINGS NET 





u.D.C. No. 533.6.011.72 : 533.6.011.6 : 536.55 

C.P. No. 712 

hlarch, 1963 

DISCREPANCIES BETKEEN THEORETiCAL AND EXPERIMENTAL 
VALUES OF TENPERATUm BMIND A SHOCK WAVE 

SUhmRY -- 

In using the sodium-line reversal technique for measurjng temperature, 

a discrepancy between calculated and measured temperatures behind shock waves 

has been observed. Possible reascns for this discrepancy are discussed. 

These include (i) boundary layer effects, (il) reduction of the shock speed 

caused by disoocistion of Na I, (iix) collision-limiting and non-equilibrium 

effects bn the radiation from the Na. 

-- 
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I IIQllODUCTIOIj 

The sodium-line reversal technique as developed by Clouston, Gaydon and 
Glass' has proved to be a ponerful tool for measuring temperature in a shock 
tube. The technique 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 resultsir shozed that the measured temperatures 
were in rough aCreement with values calculated from the shock speed. However 
recent experiments at R.A.C. have shown that the measured temperatures are 
between about 6O’% and ICXI% lower than the calculated values. A similar 
discrepancy has been observed by Bauer3 using chromium oarbonyl instead of 
sodium. If 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 (iv) boundary-layer effects. 
These causes are examined belo,!! and the conclusions used to interpret experi- 
mental work performed to determine which plays the greatest role. 

2 DESCRIPTIOF OF THE SODIUM LINE REVERSAL TECHNIQUE 

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

The test gas is passed over heated sodium iodide before being admitted to 
the shock tube, and so contains a small amount of sodium iodide. The passage 
of a shock wave through the gas dissociates the sodium iodide, giving free 
sodium atoms. Before the shook 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 from the tungsten lamp absorbed by the sodium, i.e. 

“&TB) = (1 - a,,Rw(TB, + ‘cd Rm,cTNa) (I) 
c I ./..-...L -.- --2 \ L-Y”. , 

Radiation from Transmitted rsdia- Emitted radiation 
lamp alone tion from lamp from sodium 

where RW(T) = spectral radiancy at temperature T and wave number w 

%I = spectral absorptivity of the sodium 

E w = spectral emissivity of the sodium 

TB = black body temperature of the tungsten lamp 

TNa = temperature of the sodium. 

-lb- 



The spectral radiancy is given by the me11 known formula of Planck 

Rw(T) = - 2~ ho2 w3 

pxP(gy1-J 

where h = Planck's constant 

c = speed of light 

k = Boltsmann's constant. 

By Kirohhoff's Law, am = sW and consequently, at a match 

Rw(TB> = Rw(TDra) 

(2) 

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

The assumption is now made that the temperature of the gas is the same 
as that of the sodium, Thus if the tungsten lamp can be set at an appro- 
priate temperature, and if the strength of the shock can be controlled accurately 
enough to achieve a 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 a black body tempera- 
ture T,, and its photomultiplier gives a signal y, behind the shock (relative 
to the signal before the shock passage, i.e. y, is the !L.C. signal only), and 
T2 and y2 are the lamp temperature and photomult>plier signal for the other 
beam 

Yl = k, 
1 

y,,k$,(TNa) - R&T,)] dw (4) 
Alo 

y 2 = k2 
1 

y,,&$$,,a) - R&T,)] do (5) 
AU 
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where the integration is to be performed over all wave numbers for which sW 
differs from zero (i.e. over the whole "width" of the D lines), Here k is a 
oonstrnt 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. Sinoe the lines are 
narrow it is possible to apRroxi%te the above expressions by 

Yl = k 
0 
(TN,) - Rwo(T,) Ii cm dw Ai0 

y2 = k r R L a0 Na o (T ) - Rw (T,) 

(6) 

(7) 

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

which determines the temperature of the sodium atoms, and 

(9) 

For an optioally thin gas 

1 
E dw is proportional to the concentration of the 

Aw 
sodium atoms, and 30 a relative measure of thss quantity could be obtained from 

the photomultiplier signal. For an optically thick gas 
1 

sW dw is a more 

A!& 
complicated function of the sodium concentration, as will be seen later. 

Thus the double beam technique gives the temperature even when no match 
has beenachieved, and provides a measure of the sodium concentration in 
addition. 

3 SOURCES OF DISCRRPtiICY 

In the above description of the sodium-line reversal technique, several 
assumptions have been made (either explicitly or implicitly). These must now 
be examined to see if they do in fact hold, and if their failure 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 
is the same as the temperature of the gas. Gaydo& has suggested that the 
sodium will tend to equilibrate with the vibrational temperature of the gas, 
which may differ from the translational temperature. However the present 
tests were done in oxygen at liach numbers such that the vibrational relaxation 
time was short, and hence no difference exists between the vibrational and 
translational temperatures of the oxygen, The question as to whether the 
sodium atoms in fact achieve equilibrium with the gas still exists. For the 
radiation from the sodium to be at the equilibrium value for the as tempera- 
ture it is necessary that the population of excited sodium atoms i.e. the 
radiating species) be at the equilibrium value. 

t 
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. If the ermssion of radiation 
is capable of depopulating the level faster than it CM be populated by 
collisions, the population of the level will be below the equilibrium value, 
and the radiation is then said to be "collision limited". 

It has been sugi;ested that this phenomenon is the reason for measured 
values of flame temperatures being lower than theoretical values5. For the 
population of the excited sodium to be at the equilibrium level, he rate of 
depopulation by collisions must be greater than that by radiation k . Thus if 
binary collisions are retponsible for deactivation, a necessary condition for 
equilibrium radiation is 

ENa. 
--q << CT v [Na,][X] 

where [Na,] is the concentration of excited sodium 

,rR is the radiative lifetime of excited sodium 

cl- is the cross-section for deactivation of sodium by gas X 

V is the mean velocity of collisions between sodium and X 

[xl is the concentration of the test gas. 

For sodium TR = 1.6 x 10 -' se0 (Ref.7). Unfortunately cr, the deactivation 
cross-section of sodium is not known for oxygen, the parent gas in the present 
experiments. However, for h dro en as 

-Is ornt (Ref.8? 
rent gas, c z 0.74 x IO-15 om2, and 

for nitrogen, cr = 1.45 x 10 so it does not seem unreasonable 
to assume a value of o = IO-‘5 cm2 for oxy;en. Using this value, and numerical 
values of v and [O ] appropriate to a shock at M = 6.5 propagatzng into 10 mm Hg 
of oxygen, the con ition above becomes 2. 
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1 
- << 1.56 x 10’ 
1.6 x 10 

(11) 

and is thus reasonably well satisfied. Consequently collision limiting is 
not likely to cause the observed discrepancy, particularly sinoe the above 
calculation is effeotively for an optiodlly thin gas, whereas in fact the gas 
will be fairly thick optically, and will r-e-absorb most of the emitted radiation. 
HOI/ever, if collision linrting is occurring, its effeot will be reduced if the 
oxygen density (and hence number of oollisions/sec) is increased, and will be 
inoreased if the oxygen density is reduced, but it ~~11 be independent of 
change3 in the sodium concentration. 

5.2 Effect of sodium addition -- --- 

The temperature of the gas behind the shook is usually oaloulated from 
the shook speecl by assuming that no sodium is present, the actual sodium 
concentration present being considered too small to affect the temperature of 
the gas. The amount of sodium introduoed into the gas is in fact difficult 
to control. In the present experiment sodium is introduced by passing the 
test gas over heated sodium iodide immediately before entering the shock tube. 
Behind the shock wave the sodium iodide becomes dissociated, and hence the gas 
must supply the heat of dissociation. If appreciable amounts of sodium iodide 
are present, this will lower the tem(,erature behind. the shock (i.e. cornFared 
with a shook of the same speed into a test gas containing no sodium). In this 
section calculations of the temperature behind shocks in oxygen containing small 
amount3 of sodium iodide mill be made, in order to estimate the magnitude of the 
effect. 

The enthalpy for a mixture of oxygen and sodium iodide for which o is the 
ratio of the number of sodium iodide molecules initially present to the total 
number of molecules initially present 13 

H = WI+ (1 
4-2 

- 0) [< a + (1 - a) T] + $ C 8] t (1 - c) a ; TDo,t 0 fi ;kI 

. . . (12) 

where m = average molecular weight of the gas = (l-o) mO 
2 

to mNaI 

a = degree of dissociation of oxygen 

? = degree of dissociation of sodium iodide 

"rl = electronic and vibrational energy of oxygen per mole divided 
by RT 

TDNaI 
= dissociation energy of sodium iodide expressed a3 a temperature 

T 
Do* 

= dissociation energy of oxygen, expressed as a temperature. 
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No vibrational energy has been included for sodium iodide as it will not be 
exoited before the shook, and the sodium iodide is completely dissociated 
( i.e. g = 1) behind the shock for the iaoh numbers of interest here. Also 
the sodium iodide has been treated as a gas, which may not be true. 

The equilibrium conditions behind the shook will be given by the solution 
of the conservation equations, the equation of state, and the law of mass 
action equations for equilibrium. In shock-fixed co-ordinates these equations 
are 

Conservation of mass PI u1 = P2 % 7 

2 2 
Conservation of momentum PI + PI u1 = p2 + P2 U2 (13) 

Conservation of energy H, + .:/2 = II2 + $2 

Equation of state fir 11 + (l-c) a t 0 Pj p= P, J 

~~2 
a, 7, - 

Law of mass action for oxygen dissociation a, = C, l-a - 
3 4p N,tl -0) 

(14) 
Law of mass action for sodium iodide dissociation g, = 0, P, = 1, 

where K = equilibrium constant for oxygen dissociation 

No : Avagadro's number. 

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

o2 24 - H,) 

;;;= 
---- - 
RT2 PI R'pl 

1 

[I + 0 + (I - 0) al ?;;- - -- 
p2 m 

(15) 

The term involving p/p2 in the denominator on the right-hand side of this 

equation is small compared with the other term in the denominator. Con- 
sequently little error is made by guessing p/p2 in this term (but not on the 

left-hand side). The equation can then be used to eliminate p2 from the law 

-Y- 



of mass action expression for oxygen. Tile resulting equation is solved for 
a2 at a given T2, and hence H2 and p2/o, can be calculated. This pdp, is 

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

2 24 - H,) 
u1 = 

-- 

from which the 1:ach number follows, bl = ~,/a,. 

Iising this iteration scheae the shock equations have been solved on the 
R.A.E. l;ercury computer for c = 0, 0.002, 0.004, 0.006, 0.010 and 0.020, at 
initial pressures of 5 mm He,, 10 mm Hg and 20 mm Hg. In figures 2,3 and 4 
the temperatures behind shocks are plotted as a function of shock Mach number. 
From these plots it will be seen that an addition of I$ (c = 0.010) of sodium 
iodide drops the temperature behind the shock by about 100’ at Mach 7. The 
depression of teperature appears to be proportional to the fraction of sodium 
present, but is almost independent of initial pressure at a given &oh number. 
The effect is more maAced at lower shock speeds, where the dissociation energy 
of sodium iodide is a larger fraction of the total enthalpy. 

The presence of I, F5 of sodium iodide could therefore explain the observed 
discrepancy. This can be verified experimentally by measuring the fraction of 
sodium iodide present, and by determining whether the discrepancy is proportional 
to the relative 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 reflect 
some of the radiation. The transmissivity of the sodium at wave number w 
becomes in this case 

T 0, 
= (1 - rw - awl (17) 

where rW = the reflectivity of the sodium. Thus for the photomultiplier to 

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

using Kirchhoff's Law again. 

r 
R&TN,, = "&) 

[ J 
1 + 9 (19) 
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Therefore the temperature of the sodium is higher than that of the lamp at a 
matoh, and to assume that T - T underestimates the temperature of the 
sodium. As early as ~~CJ~,~~L~UUJI% and F'ringsheiml" suggested that this might 
be the cause of measured flame temperatures bein& lower than theoretical values. 

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

RfJl = 2irho2w3eq3 

Inserting (20) into (19) leads to 

(TNaj2 k 
TN, - TB = -- how 

&en 1 + 2) 
EUJ 

(20) 

(21) 

-1 For the sodium D lines w = 16,970 cm . The shocks used in the experiments 
were such that Txa z 2500°K, and for an oDtioally thick gas sW + (1 - rw). 

Consequently 

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

r = w (23) 

The index of refraction of a spectral line IS given by dispersion theory1'#12 
as 

(2-l) E 
2N e2 f 4?r(w - wo) 

m wo[16x2 02(w - CLI~)~ +y'] 
(24) 

where e = charge on an electron 
m: mocs of an electron 

N = density of sodium atoms in atoms/co 

f = oscillator strength of sodium line 

u. = wave number at centre of the sodium line 

y = reciprocal of the effective radiative lifetime. 
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The maximum reflectivity will be at minimum index of refraction which occurs 
at -4x c(w-wo) = y and is 

(5; 
2 

- 1) = Ne f - --- 1" 0 y = -1.7 x lo+ N f. WC (25) 

For the sodium line at h = 
the experiments N = 5 x 10 12 

890 x, f = 0.67. It 
and y z 3 x 109 sea- 7 

ill be shown later that in 
when the initial pressure 

is IO mm Hg. For these conktions 

(1;; - 1) z -0.6 

and hence r w r.3 0.05 . (26) 

From equation (22) the temperature difference between the sodium and the 
tungsten lamp turns out to be 12'K. 

The above calculation has only considered one wave number - that for 
which the reflectivity is a maximum. In fact the photomultiplier receives 
radiation over the v?hole width of the spectral lines, and the calculation 
should be modified accordingly. However this cannot give a greater temperature 
di:ference than that found at the maximum reflectivity, and since this is small 
compared with observed temperature differences, the calculation is unnecessary. 
A more valid criticism of the above calculation is that it has neglected Doppler 
broadening, although the lines are predominantly Doppler-broadened in the experi- 
ments. For Doppler-broadened lines the index of refraction will be given by 

2M e2 f (nz - 1) = T- 
h(w -coo + x) e 

dx 
0 bD fm vh* 02(w - WC t x)2 + y* 

. . . (27) 

where bD = Doppler half width of the spectral line = (4n2) 

In view of the complexity of the integral, the oalculation has not been 
performed for this case. However it does not seem likely that the result of 
such a calculation would differ markedly from the previous result. 
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The conclusion is that reflectivity is unlikely to be the cause of the 
observed tea,erature 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 reversal technique 
will measure scme form of average temperature. Strong and Bundyl3 have 
performed calculations for the case of two adjacent isothermal regions of 
different temperature, and have shcun that it is not necessary that reversal 
be achieved at each wave number in order to obtain an overall reversal with an 
instrument of low resclut3cn. 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 than 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 shook 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 stream. 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. In view of the laboriousness of such a calculation it has not been 
attempted, and further remarks ~11 be based on mere general considerations. 

The main difference between any effect caused by the boundary layer and 
possible sources of discrepancy considered previously is that the boundary 
layer changes uxth 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 observed. If the effect is large enough to be observable, 
transition to turbulence should be quite noticeable. Boundary-layer theory 
shows that the bcundaly layer thickness depends on the inverse square root of 
the Reynolds number. Thus a higher initialdensity means a thinner boundary 
layer, and hence a smaller discrepancy. Unfortunately sny discrepancy caused 
by collision limiting is also reduced by increased density, and therefore the 
time dependence of tine boundary layer effect will have to be used to dis- 
oriminate this effect from that of collision limiting. 

3.5 Summary 

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

[Sources of discrecar&I Dxorepancg increases with -1 

decreasing density of test gas 

increasing ratio of sodium to test gas 

concentration 
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4 EXF'ERIi!ENTfi WORK 

4.1 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 is 
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 for this measurement (though a 
single beam is sufficient), with the difference that the tungsten lamps mere 
off durirq, the run. The photomultipliers thus measured only the emission from 
the sodium during the run. After the run, the tungsten lamps were set at a 
blat!;-body temperature equal to the temoerature behind the shock as calculated 
from the shook speed, and the corresponding photomultiploer signal noted. The 
ratio of the photomultiplier signal durin, n the run to that causedby the 
tungsten lamp is a comparison of the emission from the sodium at a given 
temoerature with the radiation from a black body at the same temperature, over 
a 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 spectral response of the photomultiplier was 
obtained from manufacturers' data. 

Theory 

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

Rw = ewR; (28) 

where RE = spectral radiancy of a black body at wave number W. The spectral 
emissivity eW is given by 

E 
w q 

(1 - eSWX) 

where P w = spectral absorption coeffioient 

X : optical depth =(p.?th lingth)x(partial pressure of radiating 
species) 

and hence the line radiancy becomes 
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m 

RL = 
1 

Rw do 

0 
(30) 

for a line centred at wo since the range over which E w 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 1s defined by 

where TR = lifetime of excited state = 1.6 x ?O-' sec. The collision half- 
width is 

bo = (32) 

where d = optical collision cross-section in (2)' 
%ra I: atomic weight of sodium (gms/mole) 

m02 
= molecular nelyht of ox;ycen (gms/mole) 

P = total pressure in atmospheres 

and the Doppler half-width is 

bD = (yy wg .  (33) 

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

a = 
(bN + bc) 

bD 
en2 . 
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various methods of solving the integral in equation (30) are described in 
Ref.11. The,results are summarised in the "curves of growth" (Fig.@) in 

which BL(&Q)‘2j2Ro 
wO 

bp is plotted against logio(10.6 P'X) with a as a 

parameter. Here P' is 

P’ = &&$ , .& . $J . f (, _ e-hcdkT) 
m 0 (35) 

e 

where e = electronic oharge (in e.s.u.) 

me = mass of an eleatron 

N q density of radiating species in particles/cc 

p = partial pressure of radiating species 

f = oscillator strength. 

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

0 

p* 
= P'[exp(a2)l[erfc (a)1 . 

0 

Thus if a << 1, P, = P'. Consequently if the temperature and total pressure 
0 

of a gas containing an emitting specie are known, a and bp can be calculated; 
a measurement of the line radiancy yields 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-seotion, and the path 
length of the emitting gas. 

-mental results 

An experimental oscillogram of a run with a shook haoh number of 7.04 into 
oxygen oontainin; some sodium at 10 mm Iig pressure is given in Fig.7. 
Immediately behind the shook the temperature is 25OO'Ii (but rises further behind 
the shock as a 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) 

-- 
* Pig.6 is reproduced from quantitative Molecular Spectroscopy and Gas 
Cmissivities by S.S. Penner by kind permission of Addison-Wesley Publishing 
Co. Inc. Reading, Mass. 
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where p, : photomultiplier response at wave number w 

703 = filter transmission at wave number w. 

Vith the tunesten larzp set at 25CD'K after the run the photomultiplier 
signal was 1 volt. This sq-nal, y2,'s proportional to the integral for the 

filter of the radiancy of & black body times the lproduct of transmission and 
spectral response of the photomultipller 

co 

y2 Oc I 
RI %w p, dw . 

0 

Since the constant of proportionality I.S determined by the area 
angle of the source, which 1s the same for the tungsten lamp and the 
and approximatln~ 

c-3 

RL Yl 75 Tw Pw &JJ 

0 R =y2.-Yp, * 

wO 
0 0 

(37) 

and solid 
sodium, 

(38) 

From the measured filter characteristics and the photomultiplier response data 
listed by the photomultlplier manufaoturer, 

and so 

7 
WO 

= 0.21 and $- 
w I 

T~PWcku = 120 

0 0 

(39) 

For the oond~tionsbchind the shock, bhT = 0.00016 cm-', 

b. : 0.0077 cm -1 
(assuming again that u = 10 g*), bD = 0.0635 cm 

-1 
and hence 

a = 0.087. Conseo_uently 

RL( &nZ)+ 

2x0 bD 
= 220 . 

WO 

(40) 
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However, the ourves of growth cannot be used directly, since there are two 
sodium D lines. Sinoe the lines are far apart (20 am-') compared with their 
width, the-Lr line radiancies may be added to give the eflective line radianoy 

seen by the photomultiplier. -' For the line at w I +6,9sO cm (A = 5890 Ii, 

the oscillator strength f = 0.67 and for the line at w = 16,960 cm-‘(~=5896 I), 
f = 0.33. Hence a value of P'XW,,6,g80 is required such that P'Xo,,6 yso = 

, 

2q,,,q6 y60’ and , 
+ R = 220 for a = 0.0%7. 

w-16,980 Lw=16,Y6 

From the curves of growth this occurs for 

p’xco,,6 y&, = lo5 ’ , 

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

N = 4.5 x 10'5 atoms/oo. 044 

Behind the shock the concentration of oxygen molecules is 2.3 x IO IS molecules/Go 
and thus o = 0.002. From Fig.3 it is seen that the temperature behind a shook 
into a mixture of or;ygen and sodium for which o = 0.002 is only 20°1: lower than 
the temperature behind a shock in pure oxygen at the same Elaoh number. This 
would suggest that there is insufficient sodium iodide present to depress the 
temperature 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 u, the optical collision cross-section, which was 
guessed. If the true value uere about half the assumed value, the concentra- 
tion of sodium atoms would be three times greater. Thus to determine the sodium 
concentration accurately by this means, and hence decide if it is suffioient to 
give the observed discrepancy, the optical collision cross-section for deaotiva- 
tion of sodium by oxygen must be known. 

4.2 Measurement of the diacrepana 

If the manner in which the discrepancy between observed and caloulated 
temperatures behind shocks varica with density and sodium concentration 08x1 be 
determined experimentally, it should be possible to determine the oauae of the 
discrepancy. Accordingly shocks were run into oxygen containing sodium at 
5 mm Hg, IO mm Hg and 20 mm Hg initial preaaule, and the temperature behind 
the shocks measured with the double-beam technique, The relative sodium 
concentration was varied by altering the temperature of the oven which heated 
the aodium 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 pressure at the observation point recorded. i”rom these measurements 
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it is possible to calculate the temperature rise at the observation point; 
the method is due to Spenoe'4. 

A typical oscillogram showing the photomultiplier record for a shock 
Mach number of 6.7 (as measured at the observation point) into 10 mm Hg of 
oqgen is given in Fig.& 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 F&S(a) it will be seen that the 
temperature measured by the line-reversal method is about 50°K lower than the 
calculated temperature shortly after the shock passage, and that this dis- 
crepancy remains constant until about ?.O microseconds after shook passage, 
when it increases rapidly. This behaviour is typical of all the records. 

The observed discrepancies for the period in which the discrepancy is 
constant are plotted against the initial ratio of sodium iodide molecule8 to 
total molecules present in Fig.iO , In order to determine this latter 
quantity, a run was performed with the oven set at the same temperature as 
that used in the run todetermine the sodium atom concentration, and the 
same initial pressure was used. It was assumed that the sodium atom 
oonoentration eras 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. From the appropriate region of the Curves of growth it will 
be seen that 

(43) 

where N is the sodium atom concentration, 80 that the ratio of the ooncentra- 
tion of sodium atoms for a 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 absolute value of the result is somewhat dubious ho-never, due to the above 
assumption of equal sodium concentration for the calibration run and the run 
to determine the sodium concentration and the assumed value of the oxygen 
optical cross-section. 

From Fig.10 it appear8 that the disorepancy does not depend on the 
density, but does depend on the relative sodium concentration. However the 
amount of sodium iodide present is not sufficient to depress the temperature 
to the extent observed, though it would be desirable to make some alternative 
measure of the sodium iodide concentration to confirm this. Smoe the 
discrepancy is independent of density, collision limiting does not appear to 
be the cause, and it yp&s shown previously that refleotivity is an unlikely 
cause of the discre;~anoy. This would indicate that it is the presenoe of the 
boundary layer that cause8 the disorepanoy. This indication is strengthened 
by the fact that transition of the boundary layer from laminar to turbulent 
ocours 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 ooncentration due to the law ionisation potential 
of sodium. 

--- 
* The straight line is the bisector of tho angle between the lines of 
regression for all the data points shovm. 
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If the boundary layer is causing the discrepancy, it would be expected that 
there would be no dinorepanoy immediately behind the shook where the boundary 
layer thickness is sero. That this is not observed is primarily due to the 
poor time response of the apparatus. & an additional effect in this region, 
lack of vibrational equilibrium must be considered. 

Concluding remarks 

The value for sodium concentration estimated in Section 4 is sufficient to 
account for only 20°K out of the observed temperature discrepancy of 60°-100°K 
in the first IOOp seo of the run. This value however was obtained by use of a 
number of questionable assumptions and in particular is very sensitive to the 
value used for the oollision cross-section c for sodium deactivation; it 
would be desirable to confirm this by an independent measurement of the sodium 
atom concentration (in this connection a direct spectra-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 d is known, i.e. hydrogen or 
nitrogen. 

The most likely oause of the tewerature discrepancy at later times in 
the run appears to be the boundary layer. As a further stage in the research 
of which this forms part it is planned 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 out 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 was argon nrhloh has a low collision cross-seotion for sodium deactivation. 
However his results have the wrong density dependence for this to be the case. 
Bauer was able to inolude the heat of dissociation of chromium oarbonyl in his 
shock oaloulationo as he knew the amount added, so no error arose on this 
more. It mould 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 electronzc and vibratv3n.d energy. and. of 
the dlssoclation equilibrium constant of oxygen -- 

2000 

2100 

2200 

2300 

2400 

2500 

2600 

2700 

2800 

2900 

moo 

0.5747 

0.5964 

0.6101 

0.6391 

0.6594 

0.6792 
0.6VfA 
0.7171 
0.7353 
0.7531 
0.7705 

--- 

- 
K 

1.634 x lOI 

6.711 x lOI 
2.426 x IO 13 

7.630 x 10 13 

2,229 x 10 s4 

6.141 x 10'~ 
1.525 x 10 15 

3.536 x lOI 

7.715 x 

1.594 

10;; 

x 10 
3.134 x 10 16 

TPLILE 2 --. 
Values of physIca constants used 

e : electronic charge = 4,CQ24 x IO-" e.s.u. 

me = mass of an electron = 9.106 x IO-~~ gin 

h = Planck's constant = 6.6252 x 10 -27 
erg se0 

R = gas constant = 8.3166 x IO7 erg/mole OK 

k = Boltzmann's constant :: 1.3&&2 x 10 -16 erg/OK 

0 = speed of light = 2 9979 x IO” cm/set . 

NO 
= hvogadro's number = 6.0247 x 10 23 molecules/mole 

TD 
02 

= dlssocxtion energy of oxygen expressed as a temperature = 59,370'K 

TDNaI = dissociation energy of sodium iodide expressed as a temperature = 36,3co4c 
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FIG. 1. DIAGRAM OF APPARATUS FOR SINGLE-BEAM SODIUM-LINE REVERSAL MEASUREMENTS. 
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FIG.2. TEMPERATURES BEHIND SHOCK WAVES IN VARIOUS 
MIXTURES OF OXYGEN WITH SODIUM IODIDE FOR INITIAL 

CONDITIONS p,= 5mm. Hg., T, = 295’ K. THE RATIO OF THE 
NUMBER OF SODIUM IODIDE MOLECULES INITIALLY PRESENT TO 

THE TOTAL NUMBER INITIALLY PRESENT IS GIVEN BY C. 
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FIG. 3. TEMPERATURES BEHIND SHOCK WAVES IN VARIOUS 
MIXTURES OF OXYGEN WITH SODIUM IODIDE FOR INITIAL 

CONDITIONS OF p,= IO mm.Hg., T,= 295°K. 
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FIG. 4. TEMPERATURES BEHIND SHOCK WAVES IN VARIOUS 
MIXTURES OF OXYGEN WITH SODIUM IODIDE FOR INITIAL 

CONDITIONS p,=20mm. Hq., TI = 295°K. 
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THE “CURVES OF GROWTH” REPRODUCED FROM QUANTITATIVE MOLECULAR 
SPECTROSCOPY AND GAS EMISSIVITIES BY S S. PENNER 1959, PUBLISHED BY 
ADDISON-WESLEY PUBLISHING Co. INC., READING, MASS. 
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FIG 9 (b) THE LINE RADIANCY OBSERVED IN THE 
SHOCK TUBE (IN ARBITRARY UNITS) AGAINST TIME 

AFTER SHOCK PASSAGE. 
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