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OxYGEN dissociation relaxation has been calculated and measured behind regular reflected and 
stationary oblique shocks. Numerical calculations informed about the possible experimental 
conditions and the relaxation zone data. Photographs of the shock configuration have been 
taken and density profiles of the relaxation zones have been measured by means of a multi­
beam-Iaser-ditferentialinterferometer. The measured density profiles clearly revealed the need 
for revising oxygen dissociation rates. New reaction rate coefficients have been determined using 
numerical fitting. 

Przeprowadzono pomiary i obliczenia relaksacji dysocjacji tlenu za frontem regularnej odbitej 
i stacjonarnej, skosnie padaj(\cej fali uderzeniowej. Wykonano obliczenia numeryczne w celu 
przyblii:onego okreslenia warunk6w doswiadczalnych oraz danych dla obszar6w relaksacji. 
Uzyskano fotografie konfiguracji fal uderzeniowych oraz zmierzono profile g~stosci oraz obszary 
relaksacji za pomoq wielowi(\zkowego, r6i:niczkowe~o, laserowego interferometru. Zmierzone 
profile g~stosci wskazaly w spos6b oczywisty na potrze~ zrewidowania praw dysocjacji tlenu. 
Okreslono nowe wsp61czynniki pr~dkosci reakcji przez odpowiednie dopasowanie wynik6w 
numerycznych. 

flpoBe~CHbl H3MepeHHH H paCl.leTbl penaKCaUHH ~HCCOIUiaUHH KHCJIOpO~a 3a $pOHTOM pery­
JIHpHOH, OTpa>I<eHHOH H CTaUHOHapHoH, KOCO na~aiOIUCH y~apHOH BOJIHOH. flpo~eJiaHbl l.IHCJICH­
Hbie pacqeTbi c uenLIO npH6nm«eHHoro onpe~eJieHHH 3KcnepHMeHTaJILHbiX ycnoaiiH H ~aHHbiX 
MH 06JiaCTeH peJiaKCaUHH. fiOJiy1.ICHbi $OTOrpa$HH KOH$HrypauJiH y~apHbiX BOJIH, H3Me­
peHbi npo$HJIH nnoTHOCTH H o6nacrH penaKCalUIH npH noMOll.Uf MHoronyqeaoro, nasepHoro 
HHTep$epoMeTpa. l-f3MepeHHbiC npo$HJIH llJIOTHOCTH yKa3aJIH Ol.ICB~biM o6pa30M Ha HCOO­
XO~HMOCTb nepecMoTpa 3aKoHoB ,lU{ccouHaUHH KHcnopo~a. Onpe~eJieHbi HOBble K03Q>Q>HUHeH­
Tbi CKOpOCTH peaKUHH nyTCM COOTBeTCTBYIOIUero no~6opa l.IHCJICHHbiX pe3yJILTaTOB. 

1. Introduction 

OXYGEN dissociation has been extensively studied in shock tubes behind normal shocks, 
bow waves ahead of different models, with nozzle flows as well as within expansions follow­
ing shock compression. The results have been compiled and discussed iQ several books 
and reviewing reports. Having compared calculated relaxation zones behind incident, 
regular reflected and stationary oblique shocks, we concluded that the investigation of 
dissociation relaxation behind oblique shocks offers some important advantages: the 
temperature variation during relaxation can be varied by simply changing the wedge angle. 
High degrees of dissociation can be obtained in a simple shock tube without heating the 
driver gas. The experimental conditions can be choosen such that the oxygen has high 
translation temperature or is partly dissociated ahead of the shock. This offers the possibil­
ity of investigating oxygen dissociation relaxation in a new way. On the other side there 
was some doubt as to whether these obvious advantages could be realized in the shock 
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124 H. OERTEL jr. 

tube at our disposal. Combined molecular transport and relaxation effects near the wall 
of the wedge could perhaps not be neglected. The oblique shocks could perhaps not become 
stationary. These problems were the first to be investigated theoretically and experimentally. 
Numerical calculation preparing experiments as weU as recaJculations , evaluating experi-
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FIG. 1. Sketch of regular shock reflection. FIG. 2. Temperature behind the incident and reflected shock, 
Pt = 1 Torr, T, = 293 K, {lie. = 60°. 

ments have been done. Photographs of the shock configuration have been taken and 
density profiles of the relaxation zones have been measured by means of a multi-beam­
}aser-differentialintereferometer. 

2. Calculations 

2.1. Regular shock reflection 

Regular shock configuration was assumed to be stationary in the moving frame of the 
reflection point P as shown in Fig. 1. The gas coming from the thermodynamic equilibrium 
state (1), goes to the equilibrium state (2) behind the incident shock I and then to the equilib­
rium state (3) behind the reflected shock R passing through the shadowed relaxation 
zones. The flow velocity behind the reflected shock is adopted to be parallel to the wall. 
We completely neglected the overlapping region ot the relaxation zones of the incident 
and reflected shock as well as boundary layer effects. We also neglected viscosity, diffusion 
and heat conduction within the relaxation zones far from the wall. 
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OXYGEN DISSOCIATION RELAXATION BEHIND OBLIQUE REFLECTED 125 

Within the dissociation relaxation zones two reaction pairs have been considered: 

with dissociation rates k 1 and k-; For the calculations the values of Chapter 4 have been 
used. 

The numerical results revealed some possible advantages of investigating relaxation 
behind regular reflected shocks. Figure 2 shows that the equilibrium temperature behind 
the reflected shock amounts to 3560 K at incident shock Mach number 9. Producing the 
same equilibrium temperature behind the incident shock requires a shock Mach number 
as high as 14.6, which can only be obtained with heated driver gas. An even more important 
advantage is that the temperature variation during relaxation is smaller than that encounter-
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FIG. 3. Dissociation relaxation zone length xR, 
pl = l Torr, fJK = 60°, T1 =.293 K. 
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FIG. 4. Critical inciaence angle IXG, 

Pt = l Torr, T 1 = 293 K. 

ed at equal equilibrium temperature behind the incident shock. For instance, in the 
case of 3560 K the temperature variation during dissociation relaxation amounts to 5000 K 
behind the incident shock, to be compared with only 2000 K behind the reflected shock. 
High temperature variations within the relaxation zone have been one of the main sources 
of error wh:en determining rate coefficients. 

In Fig. 3 the 50%, 90% and 99% lengths of the dissociation relaxation zones behind 
the reflected shocks are plotted as a function of the shock Mach number M 5 • For instance, 
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the dissociation relaxation zone has a 90% length of 6 mm at Ms = 9. Relaxation zone 
length has been defined as the normal distance at which the relaxation variable has reached 
90% of its equilibrium value. 

Calculating the ratio of relaxation zone lengths behind the incident and reflected shock 
we recognized the ratio I 00 of the dissociation relaxation lengths at the shock Mach number 
Ms = 9. This means that quite a large range of conditions may exist where the reflected 
shock runs into the frozen state behind the incident shock, frozen with respect to disso­
ciation. The evaluation of experimental density profiles has to be done with this assumption. 

In Fig. 4 the critical incidence angle cxGr is plotted as a function of the incident shock 
Mach number M 8 • Only at angles smaller than cxGr regular shock reflection exists. At 
incidence angles larger than cxGr, in the shadowed area, Mach reflection occurs. This 
diagram reveals an important limitation of possible experimental conditions. 

2.2. Stationary oblique shock 

The adopted shock configuration is shown in Fig. 5. The gas enters into the oblique 
shock S having a shock angle cx2 with a flow Yelocity u 2 and thermodynamic equilibrium 
state (2). After having passed through the shadowed relaxation zone it comes to the equilib­
rium state (3) and flow velocity u3 which is assumed to be parallel to the wall. fJK denotes 
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6 

FIG. 5. Sketch of the stationary oblique shock. 
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FIG. 6. Shock Mach number M 2 , 

Pt = 1 Torr, T 1 = 293 K. 

the wedge angle. The equilibrium state (2) ahead of the oblique shock S is produced by 
the incident shock running with the shock Mach number Ms into ~ate (1). The shock 
Mach number M 2 in state (2) is plotted in Fig. 6 as a function of M5 • 

In Fig. 7 the critical wedge angle is plotted as a function of the incident shock Mach 
numbet Ms. At wedge angles larger than fJK the detached bow wave occurs. For wedge 

max 

angles smaller than fJ Kmln we calculated fully dispersed shocks. Only in the area not shadow-

ed the assumptions of our theoretical model are met. 
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Figure 8 shows the 50%, 90% and 99% dissociation relaxation zone lengths. For in­
stance, the dissociation relaxation zone has a 90% length of 1.6 cm at the shock Mach 
number 10. 

Another important theoretical result was that the shock tube test time is not too short 
for reaching the thermodynamic equilibrium state (2) ahead of the oblique shock. For 
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FIG. 7. Critical wedge angle f1xmu• fJKmln• 
P1 = 1 Torr, T1 = 293 K. 
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FIG. 8. Dissociation relaxation zone length xs, 
P1 = 1 Torr, T1 = 293 K, f3K = 30°, 

instance, at the shock Mach number Ms = 9.5 and initial pressure p 1 = 1 Torr we reach 
12% degree of dissociation ahead of the oblique shock, and the equilibrium temperature 
amounts to 2930 K. This means that in a wide range of experimental conditions the advan­
tageous investigation of dissociation relaxation in partly dissociated oxygen is possible. 

Experiments had to confirm that the adopted theoretical model is adequate. 

3. Experiments 

3.1. Facility 

The University of Karlsruhe -low pressure shock tube was used, which has a 12.5 m 
total length and a 15 cm diameter. Hydrogen at initial pressure 1 bar to 10 bar served as 
driver gas. The test gas was high purity oxygen with initial pressures 1 Torr to 3 Torr. 
The highest shock Mach number obtained was M 5 = 9.5. A part of the shock wave pene­
trated into a 9 cm x 9 cm rectangular cross-section tube. The wedge was fixed between 
11 cm diameter windows. 

3.2. Shock configurations 

Shock configurations at different wedge angles were visualized by complementary 
doublo exposure interferography described by Smeets, George and Oertel jr. The optical 
set up of the differential interferometer is sketched in Fig. 9. The double exposure with 
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opposite circular polarised light of two spark light sources compensates optical faults 
which otherwise would distort the quality of the pictures at the infinite fringe spacing 
needed for- visualizing the low density flow. 

Figure I 0 presents one typical interferogram of the re~ular shock reflection at the inci­
dent shock Mach number Ms = 9.2. The interferogram clearly shows that the reflected 

Ql L e1 w1 
F 

FIG. 9. Double exposure of differentialinterferometer. 

FIG. 10. Regular shock reflection, 
Ms = 9.2, {Jx = 10•, Pt = 1 Torr, T1 = 295 K. 

FIG. 11. Stationary oblique shock, 
Ms = 9.3, {Jx = 30•, h1 = 1 Torr, T1 = 298 K. 

shock is straight in spite of the relaxation and the transport phenomena in the wall bound­
ary layer. Many of such interferograms confirmed this fact and supported the basic 
assumption of our theoretical model. 

Figure 11 shows one interferogram of the stationary oblique shock at the incident 
shock Mach number 9.3. The oblique shock is straight near the edge of the wedge. This 
means that the density variations within relaxation are so weak that they don't curve the 
shock near the edge of the wedge. Many of such interferograms confirmed this fact. The 
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experimental reflection angles rt3 and shock angles cx2 taken from such pictures have been 
found to be 10% to 15% larger than those calculated with the hypotheses of wall parallel 
equilibrium flow. This may be due to the combined viscous and entropy layer displacement 
effect. We concluded that we have to evaluate our measured density profiles with the 
measured reflection angles and shock angles and not with the calculated ones. 

3.3. Density profiles 

The density profiles of the relaxation zones behind the incident, reflected and stationary 
oblique shocks were measured by means of laser-differentialinterferometers as described 
by Smeets, George and Oertel jr. Two of these are sketched in Fig. 12. The optical set up 
is similar to that of Fig. 9. A 15 mW He-Ne-laser was used as the light source. PIN-diodes 
served as detectors and the signals were stored by means of oscilloscopes. The laser-differ­
entialinterferometers have a space resolution of 0.2 mm and a time resolution of 0.1 !l. s. 
In the case of regular shock reflection we used four interferometers as shown in Fig. 13. 

FIG. 12. Laser-differentialinterferometer. 

FIG. 13. Arrangement of laser-differentialinter­
ferometers, regular shock reflection. 

FIG. 14. Arrangement of laser-differentialinter­
ferometers, stationary oblique shock. 
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The use of four interferometers offered the possibility of measuring simultaneously the 
speed of the incident shock, the reflection angle ~3 and two density profiles of the relaxation 
zone behind the reflected shock at each experiment. In this way it was found that the regular 
shock reflection is stationary in the moving frame and that the relaxation zones are one­
dimensional. The details of the signal evaluation have been described by Oertel jr. The 
results of the measured density profiles are presented and the evaluation of the dissociation 
rates is explained in the next chapter. 

To measure dissociation relaxation zones behind stationary oblique shocks eight 
laser-differentialinterferometers have been used simultaneously. The arrangement is shown 
in Fig. 14; 1' -8' denote the reference beams. One interferometer Klocated in the equilibrium 
state (2) ahead of the oblique shock was used to compensate mechanical vibrations. 

4. Recalculations evaluating experiments 

We calculated the relaxation zones with different published reaction rate coefficients 

k 1 and k 2 using measured reflection angles ~3 and measured shock angles ~2 and not the 
theoretical boundary conditions. We compared these with the experimental ones. There 
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FIG. 15. Fitting procedure. Dissociation relax­
ation zone density profiles behind reflected 

shocks, 
- ---theory,------ experiment, 

p 1 = 1 Torr T 1 = 295 K. 

was no set of dissociation rates that described sufficiently well our experimental results 
at alJ experimental conditions. We concluded that a new redetermination of the oxygen 
dissociation rates was needed using numerical fitting. 

The applied fitting procedure was the following one: 
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The experimental density profiles were approximated by a sum of exponential functions 
with a last-squares-fit giving deviations not exeeding 1%0 • For all experimental conditions 
we then calculated the theoretical profiles inserting varied constants A1 and A 2 for different 
sets of B1 and B2 • The fit was considered to be successful if for all experimental conditions 
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FIG. 17. Dissociation relaxation zone density profiles behind the reflected shock, 
··- theory,------- experiment, p1 = 1 Torr, Tt = 295 K. 

the last-squares-deviation between the measured and calculated profiles was less than the 
experimental error. 

Three examples of the fitting procedure for two different experimental conditions of 
regular shock reflection are shown in Fig. 15. The ratio of density e and equilibrium density 
(! 3 is plotted as a function of the normal shock distance x. The experimental and theoretical 
density profiles, calculated with varied dissociation rates, do not agree as yet for the two 
considered experimental conditions. 

The result of the numerical fit is shown in Figs. 16 and 17 for five examples. 
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It can be seen now that the experimental and the new theoretical dissociation relaxation 
zone density profiles agree very well for the regular shock reflection as well as for the 
stationary oblique shock. Some discrepancy at the beginning of the relaxation zones 
behind the reflected shock is due to vibrational relaxation. We assumed a frozen state at 
the beginning of the relaxation zone with molecular translation, rotation and vibration 
in equilibrium and dissociation frozen. Therefore the density profile at the beginning 
cannot be compatible with our theoretical model. This part of the experimental profile 
was excluded from fitting. 

Also all other profiles measured at 20 different experimental conditions agreed as well 
with the theoretical ones which we recalculated with the new dissociation rates. 

The final result of the evaluation of the oxygen dissociation rates in the temperature 
range 3100 K to 7000 K is the following one: 

-----1 
02+02 <" 20+02 k, = A,r- 2·'exp(- ~o ) 1 

02+0 <" 30 k2 = A2r-•·oexp(- e; ) 
A1 = (6.2±0.5) 1018 

1
m

3 

, A 2 = (4.0+0.5) 1013 ~
3 

mo · sec mo · sec 

The indicated deviation ±0.5 results from experimental errors. Within this range positive 

deviation of k; can be compensated by a negative one of k 2 • 
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2000 3000 4000 5000 6000 7000 -T/"K FIG. 18. Oxygen dissociation rate coefficients. 

The values of the new dissociation rate coefficients are now to be compared with those 
previously published by other authors. Figure 18 presents the result by means of a plot 

of the dissociation rates k 1 and k 2 as functions of the temperature T. The published values 
of Bortner, Byron, Camac, Hall, Mathews, Martins and Wray are within the shadowed 
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areas. The thick lines represent the new dissociation rate coefficients. The dissociation 

rate k";remains within the shadowed area but comes to its lower limit at high temperatures. 

The new dissociation rates k 2 are significantly smaller than what was assumed up to date. 

5. Conclusions 

Measuring dissociation relaxation density profiles behind regular reflected and station­
ary oblique shocks by means of laser-differentialinterferometers has been proved to be 
a good method. The theoretical model used for the numerical calculations was confirmed 
by experiments. Especially the photographs revealetl the regular reflected shocks to be 
straight near the reflection point and the stationary oblique shocks near the edge of the 
wedge. To understand this phenomenon in all details further theoretical and experimental 
investigations are necessary. The described method could be applied to gases other than 
oxygen. 

The results obtained can be used for more precise calculations of dissociation relaxa­
tion effects on flows of hot gases containing oxygen. The calculations of regular shock 
reflection and stationary oblique shocks with and without relaxation have shown that these 
effects are quite strong. 
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