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Some shock tube experiments on the chemical kinetics
of air at high temperatures

By SAUL FELDMAN
AV CO Research Laboratory, Everett, Massachusetts

(Received 1 March 1957 and in revised form 15 August 1957)

SUMMARY

This paper is concerned with the rates at which atoms and
molecules react in the air that flows over a body flying through
the atmosphere at hypersonic speeds. Using air as a working
fluid, a series of shock tube experiments were carried out to
provide information about these rates. Mach angle measurements
were made to determine the state of the gas in three situations of
interest.

(a) Flow over flat plates was used to determine the state of
the gas behind the incident normal shock; temperatures in the
gas that passed through the shock varied between 2000 and
6000° K and densities between standard and 1/80 of standard
density.

(b) Flow over wedges was employed to decelerate the flow
behind the incident shock to a small supersonic Mach number;
here temperatures downstream of the oblique shock increased,
at most, 2000° K above the free stream value.

(¢) A Prandtl-Meyer expansion was used to cool rapidly the
dissociated gas, so that the recombination process could be
investigated; temperatures dropped at most 2500°K and the
densities varied between standard and 1/200 of the standard
value. In some cases, the initial degree of dissociation of air was
over 459%,.

The results (figure 11) indicate that the dissociation and
recombination relaxation times of the chemical species found
in air are very fast, when compared to the time it takes a particle
of gas to flow either around a blunt body in hypersonic flight or
past small models in shock tubes. Thus the shock tube is shown
to be an instrument capable of supplying air at high temperatures
in thermodynamic equilibrium (figure 5).

In the case of a non-melting blunt body of about 1 ft. diameter
flying through the atmosphere at hypersonic speeds, the present
results imply that, when the gas behind the detached shock is in
thermodynamic equilibrium, the flow will also be in equilibrium
as it expands around the body, provided its speed is greater than
10000 ft./sec at altitudes below 180000 ft. (figure 12).

F.M. P
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1. INTRODUCTION

The kinetic energy of a blunt object flying through the atmosphere at
hypersonic speeds is sufficient to dissociate the oxygen and some of the
nitrogen in air. At high enough velocities, some of the molecules will also
be ionized. 'These phenomena occur when the gas particles cross the
standing bow shock that moves with the body.

Consider a body entering the atmosphere from space. At the point
where the velocity is 25000 ft./sec and the altitude is 140000 ft., the
stagnation point temperature could be anywhere between 30000°K and
7500°K, depending on whether the molecular excitation and reaction
rates are infinitely slow or infinitely fast respectively. Figure 1 shows
how the concentration of the most important species in the gas at the
stagnation point varies along a typical entry trajectory, assuming infinitely
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Figure 1. Concentration of the most important chemical species in equilibrium air
at the stagnation point for a typical entry trajectory.

fast reaction rates (i.e. equilibrium composition; Gilmore 1955). When
we consider the cooling of the gas from the stagnation region as it expands
around the body, the question of the rate with which atoms recombine in
the inviscid flow and in the boundary layer becomes important. If electro-
magnetic waves are to be used to send or receive information from a flight
object, it is necessary to have an accurate knowledge of the electron
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concenttation in the inviscid flow. This requires an accurate knowledge
of the temperature. .A knowledge of the recombination rate is essential
if the theory of the inviscid gas flow around the body is to be complete.
Animportant problem, then, is to determine the dissociation and recombination
ratesin air.

The chemical reactions that go on in high temperature air are so
complicated that the only reasonable method of approach to the problem,
at the present time, is to carry out experiments that simulate the flow
situations of interest.

Before discussing the experiments, some of the terminology used in
chemical kinetics will be introduced. The recombination of two atoms 4,
which collide with a third body B to form a molecule A4,, is represented by

the relation A+A+B—>A4,+B, (1)
kr

where B in the right-hand side is an excited particle which carries away
the energy of recombination and &, is the so-called recombination rate
coefficient defined by the differential equation

{d[A]/dt}, = — 2k [A)?[B], 2)
where the square brackets denote concentrations in gm-moles/cm3?, the
units of %, are cm® moles—2sec™?, ¢ denotes time, and the subscript # means.
recombination. Equation (2) says that the time rate of disappearance of
atoms is proportional to the concentration of each of the species that take
part in three-body collisions. The reaction rate coeflicient &, depends on
tempe‘rature.

Similarly, the dissociation process is governed by the reverse of (1),
and is determined by the dissociation rate constant k;. (The subscript d
will be used again later to denote dissociation.) It should be noted that,
in a gas mixture like air, dissociation may occur by other more complicated.
paths than the one given by the inverse of (2).

In equilibrium chemical thermodynamics (Penner 1955), it is shown
that at a given temperature the thermodynamic equilibrium constant K,
1s given by kilk, = K., 3)
(The subscript ¢ denotes that K, is defined in terms of concentrations.)
If one assumes that even in a non-equilibrium state the molecules in their
different energy levels have an equilibrium statistical distribution, then (3)
still holds.

Knowing the atomic and molecular properties of the species involved
in a reaction, K, can be obtained from statistical mechanical calculations.
The values of K, are well known for the species in air. Therefore, in order
to determine the reaction rates, it is necessary to determine experimentally
only one of the reaction rates in (3).

2. CHEMICAL KINETIC EXPERIMENTS

The shock tube is a useful tool for obtaining air at temperatures and
pressures that simulate, in the laboratory, the flight conditions of a body
P2
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in hypersonic flight through the atmosphere (Rose & Stark 1957). This
air can then be used for the purpose of measuring chemical reaction rates.
The basic idea is to cool rapidly, by aerodynamic means, the hot and
partially dissociated gas produced in a shock tube. The problem then
is to find an observable flow parameter that changes as a function of the
chemical reaction rates.

For the purpose of obtaining chemical kinetic data for air, there are
two different approaches which can be used. One is to use each of the
individual species found in air as a working fluid, in order to investigate the
detailed kinetics of each species, and then attempt to reconstruct from that
information the more complex behaviour of air. Another approach is to
observe the behaviour of the composite gas during rapid changes of state;
this last approach is used in the present experiments.
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Figure 2. Flow configuration around compression—expansion models.

In one of our experiments, the air behind the moving normal shock is
first compressed by means of a wedge (figure 2) spanning the shock tube
test section, and is then expanded around a corner (Prandtl-Meyer
expansion)*. The two-dimensional model is scribed transversely on the
forward and rear surface so that the flow Mach number along the model
wall can be determined by taking schlieren photographs of the small
disturbances caused by the scratchest. The suddenly cooled gas is then
observed as it relaxes towards equilibrium. If the relaxation times are of
the appropriate order of magnitude, it would be possible to observe changes
of Mach angle with distance along the wall, downstream of the expansion.

* Dr Harry E. Petschek, of the AVCO Research Laboratory, originally suggested
the possibility of investigating recombination rates by studying the Prandtl-Meyer
expansion of a dissociated gas flowing around a flat plate placed in the shock tube
at angle of attack.

+ Mach angle measurements have been used in experimental aerodynamics by
Hertzberg & Kantrowitz (1950) and by Hertzberg (1956).
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This rate of change of Mach angle with distance could be used to calculate
the reaction rates. The possible observable difference in Mach angles in
region 4 (see figure 2) is largest when the flow upstream of the expansion
(region 3) is sonic. The oblique shock compression, then, has the purpose
of lowering the Mach number of the initial flow behind the incident shock
wave (region 2).

In order to analyse the Prandtl-Meyer expansion in a reacting gas and
obtain some understanding of the experimental evidence, it is necessary
to know the state of the gas upstream of the expansion. It is therefore
important to investigate, first, the flow of air through moving normal shocks
in the shock tube, and second, the flow of this shocked air through a standing
oblique shock.

3. EXPERIMENTAL DETERMINATION OF THE STATE OF THE GAS BEHIND
THE INCIDENT SHOCK. FLAT PLATE SHOCK TUBE EXPERIMENTS
The experimental arrangement consists of a flat plate with a sharp
leading edge which spans the width of a round shock tube at the point
where glass windows have been inserted tangentially to the tube (figure 3).

TUBE WALL ———
A -
——VIEWING WINDOW7

DN % . O
\\\\ % Va N
NN AN REERRS
\Glif\i NN\ R \\\\ S
S . SO
MODEL A 4 N y
N N\

AJ SECTION A-A

Figure 3. Experimental arrangement of model in schlieren test section in chemical
kinetic experiments with the shock tube.

The model is supported by a diamond-shaped strut bolted to the bottom
of the test section. Lines perpendicular to the flow are scribed on the
model. Theselines cause Mach waves in the flow downstream of the incident
shock (i.e. in the gas usually used for test purposes; region 1 denotes the
undisturbed gas in the shock tube before rupture of the diaphragm).
A schlieren photograph of the Mach line pattern of the flow using a model
with a highly polished surface and finely scribed lines is shown in figure 4 (@)
(plate 1). Note the narrow Mach lines coming off the centre portion of the
plate. Subsequently, heavier lines were scribed on the same model in
addition to the fine lines already there. The result of this change is shown
in figure 4(b) (plate 1). Here the heavier lines are seen to fan out.
A comparison of the fine and broad waves indicates that the trailing edge



230 Saul Feldman

of the strong waves proceeds with the same angle as the weak waves.
The result of this comparison becomes useful when interpreting schlieren
photographs where only broad waves appear, In figure 4(c) (plate 1)
a plate scribed so that all lines are identical to each other demonstrates
that there is no measurable Mach number gradient in the flow direction.
The dark lines were drawn at the measured Mach angle to help the
visualization of departures from parallelism.
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Figure 5. Estimate of flow Mach number downstream of moving shock. (Relaxation
phenomena are included when computing sound velocities.) A comparison
between frozen flow (=7/5) and the flat plate Mach line experiments.

It should be remarked that the thickness of the Mach waves can be
justified by the finite size of the disturbances and the finite breadth of the
test section, and are definitely in no way associated with any relaxation
phenomena. Additional experimental confirmation of this fact is given by
schlieren photographs of the small disturbances taken in argon in a Mach
number range for which no relaxation phenomena occur; the waves appear
to have the same thickness as in air.
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Since the dissociation rates are not known, the experimental Mach
angle p, of the flow downstream of the incident shock is compared (figure 5)
with two different theoretical values obtained by making the following two
extreme alternative assumptions about the relaxation times and the speeds
of sound*:

(a) the gas is chemically frozen at room temperature composition,
1.e. y = 7/5, y denoting the ratio of specific heats (vibration of the molecules
remains unexcited);

(b) the flow velocity downstream of the shock is determined by assuming
thermodynamic equilibrium across the shock wave, and the choice of the
proper speed of sound is determined by the ratio of the vibrational (Blackman
1956) and chemical relaxation times (based on the lower limit of the
recombination rates determined in §6) to the flow times across the Mach
waves (cf. Appendix).

The uncertainty in the data shown in figure 5 is due to the spread of the
Mach waves, of the order of 1°, and to attenuation of the incident normal
shock wave. Figure 5 shows definitely that the dissociation rate is so fast
that the flow in the slug of gas used in our shock tube tests is in thermodynamic
equilibrium. Since the photographs are taken after the incident shock is
well out of the field of view, no information was obtained as to the length
of the relaxation region in the neighbourhood of the incident shock.

4. SHOCK TUBE EXPERIMENTS WITH WEDGES
The next question that has to be answered is whether the gas that
passed through the incident shock, and which is in thermodynamic
equilibrium, will again be in equilibrium when it goes through an oblique
shock attached to a wedge located in the shock tube.

® @/H 2
< O,
o 8

Figure 6. Notation for experiments with wedges.

Experiments have been carried out with wedges, in which the shock
angle 8 was measured as a function of the deflection angle 8 (see figure 6).
The flow Mach angle p; downstream of the oblique shock (denoted as
region 3 in figure 2) was also determined with the scribing technique
already mentioned.

A comparison can be made here of the experimental value (8,,,) with
two different theoretical values of B, obtained by making the following
two assumptions :

(@) the gas is in chemical equilibrium across the incident shock, and
chemically frozen across the oblique shock, but vibration is fully excited(8,;);

(b) the gas is in equilibrium through both shocks (8,.,).

* A discussion of frozen and equilibrium flow, as well as some limiting cases of
the speeds of sound in a reacting gas, is given in the Appendix.
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The results are given in table 1, where the angles in the columns labelled
Becp> Bee 2nd B, should be compared. There is excellent agreement
between the results of the experiments and the calculations assuming full
equilibrium.

1:::1 b1 Ms- o ﬁerp ﬁee ﬁef U3exp /"3f711'_/‘3ezp K350 M3exp Hie Hgerp
F-1454 0-1{1560260}{39-5:39-5748-1| — — — —_
F-146 | 0-1]16-00(26-0|39-0{39-2|479( — — — —
F-70 0-1114-75127-0|41-0{41-0| 502 — — — —_
F-141 | 0-1;14-15|33-0149:0;496| D — — —
F-74 0-1]12-57141-0(63-:0{63-0| D |611 37 —0-1 —12-3
F-50 0-1]14-15(43-:0{63-7)64:3 D |69-1 5-0 0-0 —12-0
F-140) 0-1]16-9043-:0159-6|59-4| D — — — —
F-232 ] 1 13-15|20-0!37-5)37-5{401| — — — _
F-142 | 1 13-35{25-0{41-5|41-9|46-6| 33-0 2-2 1-0 —2-2
F-143 { 1 14-60 } 25-0 | 40-7 { 40-7 | 45-8 | 33-0 0-4 —0-7 —38 '
F-47 1 13-85|25-7 (41-8!42-147-3] — — — |
F-129 1 1 13-65126°0)|43-0]42-4;47-8| — — —_ — ‘
F-130 | 1 14-40) 260 41-5]141-9)47-4) — — — —
F-131 1 1465|260 (42-0{41-7 (472 — — — —
F-133 | 1 15-15{26-0 [ 40-7 | 41-2 [ 47-0| — — — —
F-76 1 13-65 ) 26-7 | 43-3 1 43-2148-9 —

F-8 1 14-10 | 28-8 | 45-6 | 45-0 { 521 | 36-3 1-3 0-0 —36
F.53 1 14-85{ 330 | 50-8 | 49-4 | 63-7 —

F-56 1 15-25136:3|54:0{53-5] D — — — —
F.20 1 14-40 | 3705531557 D - — — —
F-19 1 15-30 370548545 D |449 8-1 59 —0-2
F-25 1 14-91 1 38-0|57-0|56'7| D |507 2-3 0-1 —6-0
F-27 1 14-72141-:0163-71632] D |564 31 0-0 —7-2
F.54 1 15-65[43-0(67:0{67-1| D -— — — —
F-147 } 10 9-80)20-8140-0)40-0]41-7| — — — -—
F-138 | 10 8-10{26-0149-8150-2(582[ — — — -—
F-144 | 10 8:1030-0|560{563| D — — — —
F.139 ;10 8-40] 300|549 (554 D — — — —
F-137 | 10 8-80130-0{53-8{53-8] D —_ — — —
F-136 | 10 9-80]30-0)52-7523] D — — — —

Table 1. Resumé of oblique shock experiments. p, is given in cm Hg, and the angles
in degrees. D denotes shock detachment.

The last four columns of table 1 give a comparison of the Mach angles
K3z, Of the gas flowing over the forward part of the wedge with the
theoretical values obtained by using three different speeds of sound. The
indication is that of these three speeds of sound, the one that gives best
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agreement with experiments is the speed of sound ay,,, calculated by freezing
the chemical composition at the equilibrium value behind the oblique
shock and by letting the vibration participate in the changes across a sound
wave. The reason why the Mach angle pg is so sensitive to the different
speeds of sound (see the last four columns of table 1) is that the flow over
the wedges is only slightly supersonic. On the other hand, this transonic
flow is also sensitive to boundary layer constrictions in the shock tube;
these may cause the flow not to be truly steady and two-dimensional, and
consequently, introduce the longitudinal gradients that were observed in
some cases. Also, it should be pointed out that a 19, uncertainty in the
shock Mach number M, produces a 2%, error in the Mach number M,
of the flow over the wedge. Since the experiments are performed in a
heated gas produced by an attenuating shock, the conclusions drawn from
the Mach number measurements in region 3 may still be opened to question.
The effect that these gradients have on the flow after the Prandtl-Meyer
expansion (region 4 in figure 2) can be shown to be negligible.

Evidence of the steadiness of the flow around the models in the shock
tube has been obtained by taking drum camera photographs of the self-
luminosity of the flowing gas. On the outside surface of the window
(figure 3) a slit is positioned with respect to the compression-expansion.
model, as indicated on the lower portion of figure 7 (plate 2). Note in the
upper portion of the figure (which is the drum camera photograph) that
after the first 10 usec the oblique shock remains in a steady position for
approximately 20usec; a sufficient time to gather experimental data.
This time, called the testing time, is a function of p;, M, and shock tube
length.

From the evidence given in the last two sections, it may be concluded
that the gas upstream of the Prandtl-Meyer expansions is in thermodynamic
equilibrium. 'This is the information needed as a starting point for the
interpretation of the recombination experiments.

5. PRANDTL-MEYER EXPANSION EXPERIMENTS
A typical schlieren photograph of the air flow about the compression—
expansion models is given in figure 8 (plate 3). The calculated shock angle
can be seen to agree with the experimental one¥*. The oblique shock

* The shock curvature upstream of the start of the Prandtl-Meyer expansion
is due to an expansion wave which comes from the upper-left corner of the flow
field, where the viewing window joins the shock tube (cf. figures 3 & 4 (@) (plate 1)).
The experiments reported here have been repeated in a square cross-sectional
test-section, the windows and walls being on the same plane, and no premature
curvature of the oblique shock was detected.

The flow along the model wall, downstream of the expansion, is not affected by
the tube-window-joint expansion. The reason for not publishing the schlieren
photographs taken in the square section is that the lines downstream of the
Prandtl-Meyer expansion were not defined well enough to be reproduced clearly
by the photo-offset method.
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appears to have a large thickness because the boundary layer on the windows
thickens along the intersection with the shock plane. The oblique shock
is reflected by the cylindrical wall of the tube. The Mach lines, produced
by scribing the model, are clearly seen on the back surface and faintly on
the front wedge.

In all the experiments that have been carried out, no measurable
variation has been found in the Mach angle of the flow downstream of the
Prandtl-Meyer expansion. = This means that we are dealing with either
the extreme cases in which the gas is chemically frozen across the expansion,
or that in which all the recombination has taken place by the time the gas
emerges from the last wave of the expansion fan. It will now be necessary
to calculate the Prandtl-Meyer expansion for the extreme cases of either
frozen flow or equilibrium flow.

For chemically frozen flow, the two values of y from (A.5) and (A.7)
of the Appendix can be used first to determine the speed of sound behind
the oblique shock, and then to calculate the Mach number M, in this
region. (Although the differences between the two Mach numbers and
the experimental value are small, one value consistently agrees better
with experiment than the other.) Starting with the Mach numbers just
determined (y and the expansion angle v are known) it is possible to
calculate, using the usual Prandtl-Meyer formulae, two possible Mach
numbers for the chemically frozen flow after the expansion, M,y,, (frozen,
no vibration) and M, (frozen, classical vibration). A typical result for
frozen flow, classical vibration, is shown in figure 8 (plate 3) where it can be
seen that the calculated Mach angle (black lines) is very different from the
experimental one (white waves). If the vibration were also assumed to be
frozen, the lack of agreement would be greater.

The alternative extreme case is obtained if we assume that the recom-
bination rate is infinitely fast, and that the flow is in equilibrium beyond the
expansion. It can be shown, by writing the usual relation

dv = 4/(M?—1) du/u
in terms of enthalpy, that the condition after an expansion of v radians is
given by the integral equation
1 (H[ fu\2 y2dH 1 (H (2H v2 dH
2L G G )T e

evaluated along an isentrope, where H = 2,—h = u?, h;, h and u denote,
respectively, total enthalpy of the flow, local enthalpy, and velocity in the
expansion, a is the local speed of sound, and subscripts 3 and 4 denote
conditions before and after the expansion respectively. For the purpose
of integrating (4), it is convenient to have a Mollier chart that has lines of
constant equilibrium speed of sound a,, as given by (A.9). When the
integral is evaluated (numerically or graphically) it is possible to plot the
expansion angle v os the full equilibrium Mach number M,,,, where

M4ee = '\/(ZH)/aex (5)
Entering this plot with the experimental expansion angle v the value
of M,,, for the particular experiment can be determined.

expr
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If one assumes that the characteristics in a supersonic stream of reacting
gas propagate with the equilibrium speed of sound, but that a finite
disturbance could travel with the ‘locally’ frozen speed of sound, it is
possible to obtain two other Mach numbers for the expanded flow. The
value of v obtained from (4) by using a, may be plotted alternatively ovs
v/ (2H)/a,, and vs 4/(2H)/a;,,* ; this leads to My, and M,,;,. There
are, therefore, depending on the relaxation times that are unknown, five
possible ways of computing the flow Mach number. They give My,
These are then compared with the experimental

M4fcm M4efm» M4efcw M4ee'

value

thermodynamic equilibrium.

My, In figure 9 (plate 3), the calculated Mach lines that agree
best with the experimental values (they correspond to M,,s,) have been

superposed on the photograph; the agreement is very good.
It should be emphasized that in all the Mach numbers that contain

an e in their subscripts, the relation between » and p is obtained assuming

The three different Mach numbers M,,,,,

M, scp and My, differ only in the manner in which the corresponding speed
of sound is defined.

O I - T

<+ -+ LY —+

L L oy L L

l}lgn 2 Ms 8 Bexp Bir v |Pexp L I; | L L

£ b 2 < )

Sy 1 2 < Sy
F-135 0-1115-25]|40-0|55-0| 56-0500(257§{—110{—97)—50[]—1-8] —2-7
| F-74 0-1|12:57 | 41-0|63:0[63:0|56-2f20-1 —521—35 0-8 1-6 2:7
F-50 0-1|14:15|43-0{63-7)|64:3[58-0[23-8] —9:-8] —8-0|—3-0 00 —09
F-142 1 13-35(25-0|41-5(41-9|580|16:8{ —7-8(—-52)—~—17]—-0-3; —1-0
{ F-143 1 14-60 | 25-0 [ 40-7 | 40-7 | 58-0 [ 16-5| —1-9 03| —17{—-01{—07
F-8 1 14:10 | 28-8 1 45-9 | 45-0143-4{19-0] —4-3| —3-0| —0-3 21 2-3
| F-25 1 1491 | 38-0| 57-0[ 56-7 { 50-0 219 —6-5] —51]|—1-1 2:2 1-0
1 F-122 1 15-00 { 401 | 59-9 | 60-1 | 50-0|24:3| —76|—6-0] —1-7 1-5 0-5
1 F-27 1 14-72 (41-0 | 63-7163-2|53-:0(23:6| —85|—~7-0[—2-7 03| —06

Table 2. Mach angles after Prandtl-Meyer expansion. A comparison between
experiments and theory.

The notation is given in figure 2,

The region in a Mollier diagram covered by the compression—expansion
experiments is shown in figure 10, where the stagnation conditions have
been plotted for the trajectories of several bodies of possible interest.

The significant data in these experiments, and the results of calculations
for the flow Mach angle after the Prandtl-Meyer expansion, are presented
in table 2. A comparison of the last five columns shows that, except for small
wedge angles where the experiment is insensitive, the flow Mach angle p,
s significantly closer to the calculated equilibrium values. The speed of
.sound in the reacting gas used in the equilibrium calculations which agree
best with the experimental results seems to be

4+37

Ay = Yo RT, where y,, = Tz

* The notation used for the speeds of sound is given in the Appendix.
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"The fact that the experiments agree better with the speed of sound without
-excitation of the vibration of the molecules is in agreement with Blackman’s
vibrational relaxation times (although in the present case we also have the
‘possibility of chemical reaction). Thesetimes, whencompared with the times
for a gas particle to traverse the thickness of one of the disturbances used
to determine the flow Mach number in region 4 of figure 2, show that the
vibration should be frozen in the present measurements.

On the other hand, if the flow around the expansion, as close to the corner
as can be measured, is in chemical equilibrium, it does not seem plausible
that the flow across a sound wave should be chemically frozen. Since the
experimental angles that appear in the schlieren photographs are not
sufficiently sharp, the use of the speed of sound defined by the last equation
cannot be defended too strongly.

The question concerning the proper speed of sound to use in the
-equilibrium calculations is a difficult one to answer with the present
evidence. Regardless of the outcome, the data indicate that the flow is
definitely not frozen but maintains a state very close to equilibrium.

6. ESTIMATE OF A LOWER LIMIT FOR THE RECOMBINATION RATE
From the Prandtl-Meyer expansion experiments, it is possible to
-estimate a lower limit for the recombination rate. An analytic expression
which will permit us to do this calculation will now be derived.
The rate equation (2) will be rewritten in terms of weight fractions

.defined by
__ gm of species i per unit volume

Yi = gm of mixture per unit volume "

Subscripts @ and m will denote atoms and molecules respectively. Since
Yot Vm =1, we have

4] = pyo/War  [As] = pYml Wy [B] = [Al+[4s] = p(1+ ) Wi, (6)
where p is the gas density and W,, the molecular weight of undissociated
gas. The insertion of (6) into (2) yields

{dya/dt}, = —2p/ W, R, ya(1+3,)- 9

If account is also taken of the dissociation reaction

A2+B;>A+A+B,
d

‘the net rate can be expressed as
dy,ldt = {dy,|dt}a+ {dy./dt},. (8)
The reaction rate for dissociation can be expressed as
{d[A]/dt}y = 2kq[ 4,][B] = 2ky(p| W,n)*(1 - 2), )
which together with (7) can be inserted in (8) to yield
dy./dt = (p| Wy (1+y0)[2k4(1 ~ y,) — 4k, ¥3]. (10)
At equilibrium dy,/dt = 0, and the above expression gives
ka =2k, vz, (1= Yae) (11)
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which, together with (10), gives for the recombination rate k,

(Wm/zpo>2 u dyg/ds- (12
pleo ] (L+3)[¥8(1-ya)/(1 —Yae) — 5]

where x denotes length measured along a streamline and u is the flow

velocity.
Since the atomic weight fraction y, is given in terms of the compressibility

Z by

r

ya=Z_1’

equation (12) may be written as

_ | Wal2p\? w(dZ|dv)(dv/dx)
k’ _< plPo > Z[Z,~ V2= 2)2~Z)—(Z—19)’ (13)

where v 1s the Prandtl-Meyer expansion angle.

Equation (13) can be used for an order of magnitude calculation in the
following way. We will choose a streamline 1 mm away from the forward
wedge wall (this being the closest to the wall of those streamlines that
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Figure 11. Lower limit for the recombination rate coefficient obtained from the
Prandtl-Meyer expansion experiments.
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can be seen flowing around the corner in the schlieren photographs), and
follow it around the Prandtl-Meyer expansion. Consider the flow through
a small expansion angle Av. The problem is to decide what to use for Z
and Z,in (13). Since the experimental evidence is that after any expansion
we get equilibrium, the value of Z, to be used in (13) should be the
equilibrium value after the expansion. On the other hand, since there is
no experimental evidence for the value of Z within the expansion, we could
assume, as an extreme condition, that Z stays at the equilibrium value at
the beginming of the expansion. Any other choice of Z would give a larger
value of k,. Thus, the values of &, calculated by using the local properties
of the gas through the expansion are a lower limit for the recombination rates.
The results are given in figure 11 as a function of temperature. These
experiments have covered roughly a density range of standard to 1/200
of standard density.

The chemical kinetic theory that interprets the experimental results
still remains to be developed.

7. CONDITIONS FOR THERMODYNAMIC EQUILIBRIUM IN FLIGHT

Let the criterion for equilibrium flow require that the time for a gas
particle to traverse the body length is ten times the chemical relaxation
time. Making use of the relation

k, > 108 cm® mole2 sec™!, (14)

it is possible, when adopting the equality sign in the recombination rate
of (14), to find an altitude (for a given body) below which the flow will
stay in thermodynamic equilibrium as it flows around the body, provided
the gas behind the detached shock is in equilibrium. (The effect of other
limiting values of k&, will be discussed later.) This has been done for blunt
bodies of 1 and 10 ft. surface length (figure 12). If the stagnation point gas.
is in thermodynamic equilibrium, the shaded area covers the region where
the flow around a 1 ft. body may be expected to be in equilibrium. The
corresponding result for a 10 ft. body is also given in figure 12. The shape
and location of the two curves are insensitive to body shape, provided the
body is blunt and smooth. The curves of y,, = const. indicate the flight
conditions at which the air at the stagnation point of a blunt body has a
noticeable degree of dissociation. If a recombination rate k, larger by a
factor of 10 be adopted, the effect on the curve for the 1 ft. body is to displace
it to where the 10 ft. curve is now. On the other hand, if the criterion for
equilibrium flow requires the flow transit time to be 100 times the
relaxation time (instead of 10), the 1 ft. curve is displaced downward
in figure 12 by approximately 40000 ft.  Several typical trajectories
(Masson & Gazley 1956) have also been included in figure 12. It can
be seen that the flow around a satellite entering the atmosphere may not
be in thermodynamic equilibrium. This points towards the importance
of designing chemical kinetic experiments on a faster time scale than for
those described here. :
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are also shown.
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(b) Heavy lines scribed in addition to fine lines of figure 4 (a).

—_

(¢) Model scribed with heavy lines identical with each other.

Figure 4. Flow over flat plates in the shock tube. Subscript 1 refers to region 1 in figure 2. A is
the ratio of the shock velocity to the speed of sound in region 1.
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Figure 7. Drum camera photograph of flow around wedge.



Saul Feldman, Some shock tube experiments on the chemical kinetics of air
at high temperatures, Plate 3.

i L L
Y C M =

Figure 8. Comparison with experiment of Mach lines for frozen flow, classical
vibration. (y = 1:375, My, = 350, pi,p,, = 16-6°.)

Figure 9. Comparison with experiment of Mach lines for equilibrium velocity and
frozen speed of sound, classical vibration. (M., = 2:56, phypp,, = 23-0°.)
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APPENDIX, FROZEN AND EQUILIBRIUM FLOW.
SOME LIMITING CASES OF THE SPEED OF SOUND IN A REACTING GAS

The speed with which a small disturbance, called a sound wave,
propagates in a reacting gas is known to depend on the rates at which the
atomic and molecular internal degrees of freedom can adjust themselves
to small changes in the thermodynamic coordinates. If the gas is chemically
reactive, the sound speed depends also on the reaction rates, or the chemical
relaxation times. The relaxation time 7 for a process is defined by

11 dy—y.)

T y—y, dt ’ (A1)
where ¥ may denote instantaneous concentration in the case of chemical
reactions, or energy in the case of energy excitation of external or internal
degrees of freedom. The subscript ¢ denotes the equilibrium value of y.
The value of 7 is constant when the process involved is exponential, i.e. near
equilibrium,

If the typical time necessary for a particle of gas to flow over a body
of interest is denoted by 74, and if

Taow/T € 1, (A.2)

the flow is called frozen flow, i.e. no reaction occurs during the time a particle
spends flowing over the body. Conversely, equilibrium flow is defined by
/780w < 1. (A.3)

Frozen and equilibrium flow having been defined, the discussion that
follows will be concerned with the speeds of sound. It will be implied that
the rotational relaxation times, for the diatomic molecules in air, are
negligibly small when compared with the vibrational and chemical relaxation
times (Hertzfeld 1955). The vibrational relaxation times in pure oxygen
and nitrogen and their mixtures have been measured by Blackman (1956).
There are four possibilities of interest for the speeds of sound, and two for
the ratio of specific heats y.

(a) The chemical reaction rate is very slow, no change in composition
occurring across a sound wave, and the rotation of the molecules participates
in the change, but the vibration of the molecules does not. The speed of
sound so defined will be called frozen speed of sound, frozen vibration. Its
value can be shown to be

afzm! = Yo ZRT, (A4)
where Z = p(pRT)™! gives a measure of the degree of dissociation of the
gas (Z can be obtained from a Mollier chart for equilibrium air, Feldman
1957), R is the undissociated gas constant, and a,, the ratio of specific heats*
is defined by

4+37
Yy = 4_-ﬁ-—7 . (AS)

* The specific heat ratio can be obtained by writing the expressions for the
enthalpy and internal energy of a mixture of atoms and diatomic molecules, and
taking their derivatives with respect to temperature to obtain the specific heats.

F.M. Q
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(b) The same as case (a), except that here vibration participates in the
changes in a sound wave (i.e. the vibrational relaxation times are very short).
This sound speed will be called frozen speed of sound, equilibrium vibration.
For the purpose of calculation, it will be assumed that the contribution of
the vibrational degree of freedom to the heat capacities is the classical value
RT, which is nearly true for the conditions of interest. This speed of
sound will be called frozen speed of sound, classical vibration, and is given by

&, = Yy ZRT, (A.6)
where the ratio of specific heats y,, is
8+Z
Yoo =37 (A.7)

(¢) The chemical reaction rates and the excitation of the rotation of the
molecules are infinitely fast. Vibration of the molecules does not participate.
This sound speed is called equilibrium speed of sound, frozen vibration, and
is defined by

a?m; = (ap/ap)s = congt.» (AS)
where dp[dp could be evaluated, along an isentrope, on a Mollier chart
which includes a fixed value for the vibrational energy of the molecules.

(d) The chemical reaction rates, rotation and vibration are fast enough
to follow completely the changes in a sound wave. This is the full equilibrium
speed of sound and is found from the usual expression

a; = (9P/9P)s = conss. - (A.9)
The relative magnitudes of these speeds of sound are
afnv < afcv < Qony < Qe (A'IO)

the difference between the extreme values being of the order of 10 to 209,
in the range of temperatures encountered in hypersonic flight.
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