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ABSTRACT

The normal reflection of a shock wave from a shock-tube end wall is
studied analytically and experimentally for a chemically relaxing diatomic
gas. The pressure exerted on the end wall during the reflection process
is obtained analytically by means of inner and outer asymptotic solutions.
Knowledge of the pressure solution enables computation of the time evo-
lution of all thermodynamic properties adjacent to the end wall; these
calculations typically consume less than one minute of computing time.

The results agree closely with those obtained from more exact calculations
which require several hours of computing time.

A fast-response pressure gauge with a risetime of .2 usec and a
useful recording time of up to 14 psec is used to measure end-wall
pressure histories in pure N2 for incident shock speeds ranging from
4 to 7 km/sec. The chemical reaction rates of the shock-heated N, are
inferred by using the theoretical solution for pressure. These new rates
are compared with existing data, and justifications for applying this
technique in future chemical-kinetics studies are given.

An interesting result of the unsteady reflection process is the
formation of a non-uniform entropy layer adjacent to the end wall.
Numerical results are presented to describe the character and extent of
this entropy layer in chemically or vibrationally relaxing 02, N2 and

002.
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1. INTRODUCTION

Although numerous studies of relaxation phenomena behind incident
shock waves have been discussed in the literature, only a few reported
gstudies have considered the effects relaxation has on the state of the
gas in the reflected region of a shock tube. Calculations of the thermo-
dynamic state in the reflected region have typically been based on the
assumption that the reflected shock wave moves with a constant eguilibrium
gpeed. Until recently, no solutions have been presented which apply
near a shock-tube end wall where the gas is processed by an unéteady
reflected shock wave. The unsteady reflection process causes an entropy
layer to be formed, wherein the state of the gas differs from that given
by calculations using a constant shock speed.

Knowledge of the correct gas state near the end wall is important
to those experiments which utilize shock-wave reflection as a method for
obtaining a well~defined sample of high-temperature gas. Typically in
such experiments (e.g., shock-tunnel investigations, radiation experi-
ments, and relaxation studies) one assumes that the state of the gas is
homogeneous and ignores possible non-uniformities. The effort here has
been directed toward developing a technique for calculating the flow
near the end wall for cases in which chemical relaxation is important.

The ability to calculate the time-varying state of the gas in the reflected
region, for a given set of reaction rates, is then used to infer the
dissociation rate of shock-heated N2 from eﬁdawall pressure measurements.

Previous work involving shock reflection with chemical relsxation

has recently been completed by L. Presley and this author at the Physics



Branch of NASA-Ames Research Center.:L The method of characteristics

was used to calculate the time-varying state of the gas in the reflected
region for cases involving relaxation behind both the incident and
reflected shock waves. Unfortunately the lengthy computing time required
for each case prohibits extensive use of this program.

The Ames work was begun with the hope of using the characteristics
technique to infer chemical reaction rates from density measurements
obtained near a shock-tube end wall. The impractical time requirements
of the "exact" computer solution became a strong motivation to seek an
approximate model for use with data reduction; this in essence was the
beginning of the investigation presented here. Five different cases in
pure O2 have been solved with the NASA program and the results for
these cases will soon be published.l Some of the results also appear in
later chapters of this work to provide a standard of comparison for the
approximate results presented.

Two studies of inberest have been published concerning shock-wave
reflection in vibrationally relaxing 002. Baganoff used a fast-response
pressure gauge2 mounted on the end wall of a shock tube to infer vibra-
tional relaxation times in the incident-shocked flow.5 Johannesen et al.,
presented numerical solutions for the reflected-shock flow field based
on the same relaxation rates which apply behind incident shock waves.

His group also obtained interferometer records to confirm thelr calcu-
lations of the flow field density, and one of Baganoff's pressure records
was utilized to confirm their predictions of the end-wall pressure
history. The remarkable agreement between experiment and theory indicates

that the vibrational relaxation rates which properly describe the



incident-shock flow also provide an adequate description of the re=-
flected shock-wave problem. Johannesen's results thus provide some
Justification for using the reflected shock-wave region for relaxation
rate measurements.

In another pertinent study, Smith5 presented a simple model for
interpreting the shock-reflection process in an ionized monatomic gas.
His model accounts for the series of shock and rarefaction waves which
occur because of the interaction between the incident-shock ionization
front and the reflected shock wave. Utilizing the pressure-gauge concept
developed by Baganoff, end-wall pressure histories were obtained for
a range of strong shock waves in xenon, and ionization relaxation times
were inferred from the measurements.

The investigation to be presented here involves shock-wave reflection
with chemical relaxation rather than vibrational or ilonization relaxation.
Using inner and outer asymptotic solutions, a simple theory is developed
for predicting the end-wall pressure behavior in a dissociating gas.
Results obtained with the simple theory agree closely with those obtained
at Ames Research Center.l Calculated pressure histories are presented
for a number of different shock conditions in O2 and Ng.

To complement the analytical results, experimental observations of
the pressure on a shock-tube end wall are presented. An improved
version of the fast-response pressure gauge described in Ref. 6 is used
to obtain a number of pressure histories in chemically relaxing Ng.

The reaction rates of the shock-heated N2 are then inferred from the
pressure measurements by using the theoretical solution for pressure.

The measurements were performed in two different shock tubes in order to



provide a check om the results. These rates are compared with those obtained
by other investigators from measurements behind incident shock-waves.

The ability to predict the end-wall pressure for a given set of
reaction rates also allows one to calculate the time-dependent values of
other thermodynamic properties near the end wall. Results are presented
for chemically relaxing O2 and Ng. The final end-wall properties
represent an upper bound on the thermodynamic variations in the non-
uniform entropy layer caused by the unsteady shock~reflectlion process.
Numerical results are presented to describe the thermodynamic variations
and the spatial extent of the entropy layer for O2 and N2’

If only the final end-wall properties are desired, a simple model
for shock reflection can be employed which does not depend on the rate
of the nonequilibrium processes involved. The model applies to both
chemical and vibrational relaxation processes and is suitable for either
hand or machine computations. The calculations meke use of an approxi-
mate relation for the compressional work done on the gas during the
relaxation processes. TFinal end-wall properties are presented for

vibrationally relaxing 02, N2 and CO2 as well as for chemically

relaxing 02 and Ng.



2. CHARACTERISTIC TIMES FOR CHEMICAL RELAXATTION

DURING SHOCK REFLECTTICN

The solution for the reflection of a shock wave in an ideal gas
is reviewed in Appendix A for the purpose of defining the symbols and
the coordinate system to be used here. An analysis of shock reflection
in a chemically relaxing gas is more complicated since the time dependence
of the nonequilibrium processes must be considered. Because of the scope
of this investigation, sophisticated concepts of rate chemistry will not
be employed. The vibrational temperature will be assumed everywhere in
equilibrium with the translational temperature, and the reaction rates
utilized will be of the simple form given by classical collision theory
when vibration-dissociation coupling is neglected.

This chapter describes the approximate time scales of the pressure
history on a shock-tube end wall during shock reflection in a chemically
relaxing diatomic gas. In the case of an ideal gas (see Appendix A) the
pressure history is merely a step with a jump in pressure level equal
to the Rankine-Hugoniot value. The aim here isrto study the difference
in wall-pressure history between the ideal pressure step and the actual
cagse for a chemically relaxing gas.

It is well known that the pressure is an insensitive variable for
studying the flow in the relaxing region behind an incident shock wave,
and that the density or temperature of the flow is a far more useful
quantity to record for analysis. When an incident shock wave is reflected,
however, the pressure on ﬁhe end wall also becomes a sensitive quantity

for exhibiting relaxation effects.



In addition to relaxation phenomena, there are other non-ideal
mechanisms which can affect the end-wall pressure. Baganoff5 hag dis-
cussed a pressure perburbation which arises from héat conduetion to the
shock-tube end wall. For the experimental conditions to be consgidered
here, the time scale of the perturbation caused by a cold end wall is
usually less than the risetime of the instrumentation used (& .2 psec).
The effects of a heat-conducting end wall can therefore be ignored in
the present analysis.

Other factors which might affect the behavior of the flow behind
a reflected shock wave are the boundary layer on the side wall of the
shock tube and the curvature of the incident shock wave. Because of the
size of the shock tubes employed in the experiments (one tube was 2-
inches square while the other was 3-inches in diameter), and the extremely
short duration of the measurements (less than 1L psec), disturbances
caused by the side-wall boundary layer can be ignored. Shock curvature
effects are similarly ignored on the grounds that the pressure levels
employed iIn this study allow little deviation from the assumed one-

dimensional flow.

2.1 ©Shock Reflection in a Relaxing Gas

An inspection of a schematic =x-t diagram for shock reflection in
a relaxing gas (see diagram below) shows that in general the gas under-
goes relaxation in two regions; i.e., behind the incident shock wave and
behind the reflected shock wave. Therefore the reflected shock wave prop-
agates into a region of non-uniform conditions. The resulting flow

field can be conceptually simplified by approximating the flow with a

6



combination of two separate processes: (1) a relaxation in region 5
alone, with region 2 remaining at uniform frozen conditions; and (2) the
propagation of a reflected shock wave into a flow which is in the process
of relaxing in region 2, but which does not undergo further relaxation

in region 5.

\_ AT
Region of ‘ P
Relaxgtion in 5
@\
v \
r \
® y
////
X
7
Ve
7
o pd
i s
Region ?f _ ;o
Relaxation in 2 I
7
e
Ve
/_/' Vs
7~
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Case (1) can be realized by suddenly setting a piston into uniform
motion in a quiescent gas and viewing the piston as being the shock-tube
end wall. The piston motion causes the formation of a shock wave followed
by a relaxation region. An analysis of this case for chemical relaxation

shows that the wall pressure should decrease slightly (= 9% for Ops

7



MS = 11 and Pl = 1 torr) from the initial frozen value to the final

equilibrium value, in somewhat the manner shown in Fig. la. The decay

time, 15, is approximately that of the relaxation time for the gas in

region 5. For details of an analysis of this type the reader is directed

to a paper by Spence.7

The important conclusion is that the relaxation

in region 5 decreases the wall pressure from the initial frozen value.
Case (2) can be visualized as the situation which would occur if

the gas is allowed to relax in region 2 but not in region 5. An analysis

of this case, again for chemical relaxation, shows that the wall pressure

should increase significantly (= 53% for O

M, =11 and Py =1 torr)

22 1

from the frozen to the equilibrium value. This effect is depicted in

Fig. 1b where the time scale of the pressure increasge is essentially the

incident-shock relaxation time in laboratory coordinates, Tor,*
The actual process of shock reflection is a combination of the two

cases presented above and 1s schematically represented in Fig. lc,

and in Fig. 14, assuming 75 2 Tope The individual

pressure levels didentified in Fig. 1 can be calculated for any form of

assuming 75 < Tor,?
relaxation once the shock speed and initial conditions are specified.
Some results for these pressure levels in chemically reacting O2 and
N, are presented in Chapter 6.

The sensitivity of the end-wall pressure to the gasdynamic processes
in regions 2 and 5 can be further emphasized with the following
relations.5 Solving the continuity and momentum egquations for the exact
Jump relations across the incident and reflected shocks (the velocities,

referred to laboratory coordinates, are all positive) one obtains



(n-1)/n (2.1.2)

mfi
<

162]
n

and.

i

VI'/VS

(n-1)/(&-n) (2.1.3)
where

n=pp/oy and & =pg/p; .

These symbols are the same as those used in Appendix A for an ideal gas.

Substituting equations (2.1.2) and (2.1.3) into (2.1.1) results in
- 2 _ & =L (. _
(p5=pp)/p1 Vg = 25 7= (n-1) (2.1.4)

Since the mass density increases along a particle path during the relax-
ation process, it dis apparent from the last equation that relaxation in
region 5 (case (1)) causes the pressure in 5 to decrease (note ¢ is
always larger than 7). Relaxation in region 2 (case (2)) causes the
pressure in 5 to increase.

Further insight can be gained by approximating equation (2.1.4)
with a simpler expression; for £ >> n>> 1, and p5 >> Pos the result

is
2
p5/prS i T] .

This relation involves little error for the strength shock waves of
interest in most relaxation studies. Dividing the equilibrium value by

the frozen value, one obtalns



The fractional variation in the wall pressure during shock reflection

is therefore nearly the same as the fractional variation in the density
behind the incident shock wave. This is a reasonable conclusion since
the pressure in the reflected region should be a manifestation of the
dynamic pressure of the incident-shocked gas (as seen by the reflected
shock wave). Note that this result is independent of the type of non-
equilibrium flow involved, e.g., vibrational, chemical, or ionization
relaxation. The end-wall pressure is thus a sensitive quantity for
studying relaxation effects behind incident shock waves. The fact that

£ does not appear in the last expression indicates that the wall pressure

is not very sensitive to relaxation in region 5.

2.2 Characteristic Times for Chemical Relaxation

In this section expressions are obtained for characteristic relax-

atlon times in regions 2 and 5. The results show that T_. dis much

>

less than TEL for most shock conditions in O2 and Ng. For these
cases composite end-wall pressure histories can be obtained by combining
two separate pressure solutions, one valid for short end-wall times
(t < 15) and the other valid for long end-wall times (t > T5).
Although chemical relaxation is not an exponential process, charac-
teristic times for relaxation can still be defined from the values of
the reaction rate immediately behind the incident and reflected shock
waves. For the dissoclation-recoribination reaction of a homonuclear

diatomic molecule,

ka,m

Ay +M 2 2A+M , | (2.2.1)
K
r,M

10



89

the rate equation 1

=

Il

D 2
05 = 5 kg, l8p) M) - ko [A17 (]} (2.2.2)

where W 1s the molecular weight of the molecule AQ, & is the mass

fraction of the atomic species, kd M is the dissociation rate applicable
J

for collisions with species M, k is the recombination rate, and the

r,M
square brackets denote species concentrations (in units of moles/vol).
The symbol M denotes a general collision partner which, for a pure gas,

may be either A or A The reaction rates are different for each

2.
possible collision partner.
Immediately behind a shock wave with no upstream dissociation,

the atomic mass fraction is zero. Therefore the rate equation simplifies

to

k , (2.2.3)

and the characteristic relaxation time along a particle path is approxi-

matelylo

3
K
©%4,4,

T &=

In region 5, laboratory time is essentially the same as particle time,

so the end-wall time characterizing relaxation in 5 is given by

T g_"l"— . (2.2-&-)

k
? Phg,a |oE

11



The end-wall time which exhibits the effects of relaxation in region 2
is approximately the characteristic time for a particle in 2 divided by

the incident shock-wave density ratio, i.e.,

G

2 W
Ty & m & e . (2.2.5)
Lo g kg, low

The subscript F is used in both cases to denote frozen chemistry
conditions.
The dissociation rate is taken to be of the classical collision

theory form,8’l:L

-0 /T
N
kd,AQ = BT e 5 (2.2.6)

where B and b are constant coefficients and Gd is the characteristic
dissociation temperature for the reaction. With the use of the spproxi-
mate values (typical for the present work) b = 2, Top = 2Ty Pop = hng
and Nop = T, +the ratio of the characteristic times is found to be
6. /T
~ L ATDF

T2L/T5 = € . (2.2.7)

This analysis is concerned only with shock waves strong enough to
cause dissociation in region 2, but too weak to cause ionization in region
5. For these shock conditions in either O2 or N, the frozen tem-

perature in region 5 (computed with all internal energy modes equilibrated

with the translational energy mode) is bounded approximately by
3.5< Gd/T5F <12

12



where Gd = 59400°K in 02 and 113000°K in Ne. Except for the
strongest shock waves to be considered, it is clear from equation (2.2.7)
that the characteristic time in region 2 is much larger than that in
region 5 (e.g., in N2, a relatively weak shock wave, M.s = 10, provides
TEL/TS ~ 6000; a strong shock wave, M, =19, provides TEL/TS =~ 8),

It should be noted that the above analysis considered relaxation
of the wvariable «o. The characteristic times for pressure relaxétion
will be somewhat different, but to a first spproximation one may assume
that the ratio of the characteristic times for pressure remains the same
as that obtained for «. Solutions for the end-wall pressure history
in a chemically relaxing diatomic gas are thus expected to be of the
form shown in Fig. lc for most shocks and of the form shown in Fig. 14 for
strong shock waves causing nearly complete dissociation of the gas in
region 5,

An exact end-wall pressure solution considering simultaneous relax-
ation in regions 2 and 5 would be very difficult, but the extent of the
separation in the characteristic times suggests that individual solutions
are possible for each time regime. Such solutions are the subject of
the next chapter.

The existence of two time scales for the pressure history on a
shock-tube end wall was first noted by Ba.ganoff3 and subsequently
confirmed by Johannesen's calculations in vibrationally relaxing COE}*
There are subtle differences, however, between shock reflection in
vibrationally and chemically relaxing gases. Johannesen showed that the

initial end-wall pressure gradient in vibrationally relaxing 002 is

negative only for Mg > 2, -and that 15 becomes a smaller fraction of

13



T2L as shock strength increases. ©For chemical relaxation, as shown

here, the opposite is true. The initial pressure gradient is negative

only for shock strengths less than some critical value of MS, and the
characteristic times for relaxation become more widely separated as

shock strength decreases. TFurthermore, because of the large character-
istic temperature for dissociation compared with that for vibration,

the extent of the time scale separation is much greater for chemical
relaxatlion. It is this fact which allows one to formulate separate
pressure history solutions for chemical relaxation but not for vibrational

relaxation.
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5. SOLUTICN FOR THE WALL-PRESSURE HISTORY

The previous chapter established that shock reflection in a
chemically relaxing diatomic gas is characterized by two different time
gscales. One can thus form separate inner and outer solutions for the
end-wall pressure which will be valid for short and long times respec-

tively.

5.1 Inner Solution for Wall Pressure

The inner solution presented here is based on an initial slope
approximation. Results for a case similar to that presented in Fig. lc
are shown schematically below. The bounding values for the pressure
level are computed by first assuming the gas is frozen chemically in
regions 2 and 5 (3F2F5) and then frozen in 2 but in equilibrium in 5

(Ppogs ).

Actual Solution
Inner Solution

F2E>

WALL PRESSURE

(@]

END-WALL, TIME
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By accounting for the initisl rate of relaxation in both regions,
2 and 5, the inner solution also provides results for the initial pressure
slope in cases sgimilar to that shown in Fig. 1d. These cases occur for
strong shocks where the time scales of relaxation in 2 and 5 cannot be
congidered separate. In fact, for very strong shocks the initial pressure
gradient actually turns out to be highly positive rather than negative.

At the end of this section the accuracy of the inner solubtion is
checked by comparing results with the more exact computer program at

Ames Research Center.l

5.1.1 Description of the Inner Solution

The rate of change of end-wall pressure is first written in terms
of the rates at which density changes occur in 2 and 5, since these can
be related to the reaction rates. With the assumption of independent
but simultaneous relaxation in both regions, the initial end-wall pressure

slope is given by

dp > op ) ) dp )
T )y pm0 N ) Ty 08 S /g

or in shorter form
dp dp
%) = 'E—E'5"> +Et‘5’) . (3.1.2)
X,t x,t=0 - X,t=0
£ gl

This equation relates the initial rate of pressure change to the

sum of non-coupled contributions from 2 and 5. One contribution 1s gliven

16



by the sensitivity of p5 to m times the initial rate at which
changes in n are "felt" on the end wall; the other term is given by
the sensitivity of p5 to ¢ +times the initial rate at which changes
in & are "felt" on the end wall. Since the relation for pg as a

function of n and & isl2'

Y
2 . (n-1)(&-1)
o1 ypf A , (5.1.5)
then
op 2
2\ _ E-1y"
n >§ = B =) (3-1-)
and
op 2
5Y _ -1 .
Sg‘>n = o ) - (5:1:3)

The variations in 7, which occur in region 2, are first sensed
along the reflected shock-wave trajectory and then transmitted as
pressure waves in the reflected region. The pressure 1s assumed to
remain constant along a straight characteristic of slope a5F (a5F
denotes the frozen speed of sound in region 5). The initial slope of the

end-wall pressure due to variations in 1 is therefore approximately

d_P.z) N 51’5)
/s =0 on :

§

%%) 1 (3.1.6)

(14V_Jac)”
T, =0 r' OF
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where r is used to indicate coordinates fixed to the reflected shock

wave.

Changing from reflected-shock to incident-shock coordinates, and re-
calling that relaxation brofiles are stationary in incident-shock

coordinates, one then finds

dp 2 1+ /v

5) ~ M? [ g-1 '/ s ] D ‘
—= N op.y (=) (n =) . (3.2.7)
% )y gm0 XL VET l+Vr7 - oo Db’ _

g

Although this appears to be a complicated relation, the physical

meaning can still be seen because
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—
i
3
J-t
pa—

2 1+Vr/V
) =1 .

1+Vr/a5F

With this simplification the initial pressure gradient is given by

dp
'dt—5>x’t=o ~p (0 F), o=, 5% (pV5) -
g

Since 02v§ is approximately the dynamic pressure in region 2, then
v é% (pévi) is nearly the rate of change of the dynemic pressure at a
fixed laboratory position such as the end wall. This is the expected
result because the reflected shock effectively transforms dynamic pressure
to static pressure as the gas is brought to rest.

At this point equation (B.8) from Appendix B is employed to relate

the rate equation in n to the more familiar rate equation in terms of

o, iee.,
D) .22 7 1,7
n Dt>s=o 5 VML -5:371 Flp (3.1.8)
where
WTpp) = 05/Top = 3 = e, /Blsp 5 (3.1.9)

e, is the vibrational energy of the m.olecules,8 and R 1s the gas
constant per unit mass of the molecular species. The subscript 2F
denotes chemically frozen conditions in region 2 (the internal energy
modes are assumed equilibrated with the translational temperature). The

final expression for the end-wall pressure gradient resulting from
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relaxation in region 2 is given by substitution of equation (3.1.8) into
equation (3.1.7).

The last term in the pressure-slope equation, (3.1.2), is concerned
with relaxation in region 5 only. To a first approximation it is assumed
that the value of the reflected-shock velocity adjusts instantly to
changes of £ on the end wall so that p5 is still related to ¢

through the relation (3.1.3). In this case one can write
a 3
L) )
T/, 4mo O/, D

where the substantisl derivative is utilized to emphasize the fact that
the end wall is a particle path.

Because the gas particles on the end wall undergo an adisbatic
process, the rate of change of density along this path can be directly
related to the rate of change of Pg and O, as shown in equation (C.L4)

of Appendix C. Using that relation and recalling equation (3.1.5) yields

x,t=0

(3.1.10)

The solution for'the initial end-wall pressure gradient is given
by the sum of equations (3.1.7) and (3.1.10). 1In the case of weak shocks
the contribution of equation (3.1.10) is dominant while for very strong
shocks thé contribution of equation (3.1.7) dominates.

If further simplification in the pressure solution is desired, at
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the expense of some loss in accuracy, several of the small terms in
equations (3.1.7) and (3.1.10) can be omitted while others are approxi-

mated. Such an abbreviated form is

dp
5> 2.2 [ 1 Do
—_— & p.y M l (6 /‘I‘ -4)- ——-—‘ (6 /T -L) .
dat X, =0 1/17s! 9| Dt 4/ " 2F £ Dt 5 d/ “5F
(3.1.11)
Substitution of reasonable values for 17, &, T2F and TSF into equation

(2.2.3) and then into the equation above provides a simple answer for

the Initilal pressure slope owing to chemical relaxation.

3.1.2 Results of the Inner Solution

Results for the initial slope based on equations (3.1.7) and
(3.1.10) can be presented if a dissociation rate is specified. On the
basis of the assumption that the nonequilibrium dissociation and recom-
bination rates are related through the egquilibrium constant, it is
sufficient to specify the recombination rate which includes no exponential

term. With the use of the recombination rates

2.0k X 1016 o2

b
]

cm6/(mole2-sec)

and

3.0 X 10°° T‘h'5 s

=
il

Tigs. 2 and 3 provide the initial pressure slope over a range of shock

13

conditions in O, and NE' The oxygen rate was suggested by Wray

2

on the basis of experiments performed by Camac. The nitrogen rate is
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the one established in Chapter 5 of this thesis. The initial slope is
seen to change from negative to positive values at a Mach number of
about 11,4 in 0, and 13.4 in N,-

Since the analysis presented here is not mathematically exact, it
is worthwhile to compare results with the solutions obtained at Ames
Research Center.l Comparisons are presented in Figs. L and 5 for two

shock conditions in O The rates used in these cases for both the

e

Ames work and the inner solution were

2 cmé/(mol62~sec) .

k =k = T.29 X 10°+ 1"
Fop these cases only, electronic excitation was not considered in the
inner solution in order to be consistent with the NASA calculations.

Fig. 4 presents a comparison for a moderately strong shock wave.

The initial part of the outer solution, to be presented in the next

section of this chapber, is also shown to indicate the range of time
within which the inner solution is employed. The outer solution is

utilized as soon as the inner and outer solutioné CrOSS.

Fig. 5 represents the case of a very strong shock wave which causes
extensive dissociation in region 5. In this case the effects of relax~-
ation in 2 are strong enough to cguse a positive initial slope. The
unusual structure of the NASA solution, which begins with a steep initial
slope followed by a decrease in slope and then another increase, can be
understood from equation (3.1.10). For very strong shock waves the term
¥(T) changes from a positive to a negative value so that the initial

effect of relaxation in region 5 is to help increase the pressure from
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the frozen value rather than to decrease it. The first decrease in the
slope of the NASA solution is a result of decreasing temperature in
region 5 which reverts the sign of ¥ back to its usual positive con-
dition. As the temperature in region 5 decreases further, the relax-
ation in 5 becomes less important and the relaxation in 2 becomes
dominant, thus causing a new increase in slope.

The composite pressure solution is taken tolbe the inner solution
for short time and the outer solution for long time. The composite
solution transfers directly from the inner to the outer solution when
the results match in magnitude, as in Fig. k., TFor those cases where the
initial pressure slope is positive, as in Fig. 5, the inner and outer
solutions never intersect; a composite solution is then formed by

assuming a constant frozen pressure until the outer solution is crossed.

3,2 Outer Solution for Wall Pressure

The outer solution is concerned with end-wall pressure changes which
occur on the same time scale as that of the relaxation in region 2.
Since T5 << TQL

the nonequilibrium effects in region 5 and absorb the relaxation zone

for the dissociation cases studied here, one may neglect

into the structure of the reflected shock wave. Furthermore, because
effects with a time scale of 15 are not noticeable on the time scale
of TEL’ the shock will appear to reflect with an initial speed corres-
ponding to conditions of chemically frozen gas in 2 and equilibrium gas

in 5, i.e., V On the assumption that the value of the reflected

r F2E5’
shock velocity does not change significantly from Vr FOES to Vr EOES

(denoted here simply as Vr*) a simplified x-t diagram can be drawn
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using a constant gpeed trajectory for the reflected shock wave.

The calculational procedure for the outer solution can now be outlined.
For given shock condifions and reaction rates, the incident-shock relax-
ation zone is first calculated. The thermodynamic conditilons corres-
ponding to any distance behind the incident shock wave are then projected
on to the reflected shock wave (i.e., from point A to point B on the

figure above). The conditions at B are transformed to conditions
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at C using real-gas shock-jump calculations. The pressure level at C
is assumed to propagate along a straight characteristic to point D on
the end wall. The outer solution is composed of a number of these same
calculations, each originating from a different initial position behind
the incident shock wave. The accuracy of the model is demonstrated at
the end of this section by comparing results with solutions obtained at
Anmes.

With the above summary in mind, some general comments can be made
before turning to a more detailed analysis. Since the predicted end-
wall pressure becomes asymptotically exact as the reflected shock finally
achieves a steady equilibrium speed, the outer solution is in error only
for short time when the assumed shock gpeed is incorrect and the relax-
ation length in 5 camnot be neglected. Fortunately, small changes in
the speed of the reflected shock wave are not critical; this is because
the pressure in region 5 depends primarily on the velocity of the gas
in region 2. The neglect of a finite relaxation length in region 5 is
not critical since the end-wall pressure is more sensitive to incident-

shock relaxation than to relaxation in the reflected region.

3.2.1 Description of the Outer Solution

The first step of the outer solution is to calculate the properties
behind the incident shock wave. For input values of shock speed, initial
conditions and reaction rates, the calculations provide a set of thermo-
dynamic properties tabulated as a function of distance behind the incident
shock wave. The computations are performed using a computer code based

on the one-dimensional conservation equations, the state relations for a
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dissociating diatomic gas, the reaction-rate equations and an expression
for the equilibrium concentration constant for the reaction in question.
The technigues for solving the incident-shock flow are already well

15

documentedlh’ and will not be discussed further.

Once the incident shock-wave properties are known, they can be
projected across the =x-t plane and on to the reflected shock-wave
trajectory. The first important approximation is the assumption of a
particular trajectory for the reflected shock. The second important
approximation is the assumption that the relaxation zone behind the
reflected shock is negligibly thin compared with the spatial extent of
the relaxation in region 2. This assumption allows one to perform Jump
calculations to an equilibrium state immediately downstream of the
reflected shock. These results are obtalned at a large number of points
along the trajectory, the interval being fixed by computer input instruc-
tions. The gas properties along the shock boundary of region 5 are thus
known.

The calculation of the equilibrium gas state downstream of the
reflected shock wave (point C) involves an iteration scheme. Using

reflected shock-fixed coordinates, and known upstream properties (at

point B), the equations to be iterated are

(p53c=p2+02(up+vr*)2(1—1/x) | (3.2.1)
and

(h5)c = h, + 1/2 (up+vr*)2(1—1/x2) (3.2.2)
h
o ) =(E (3.2.3)

r = (p =( > . 3.2

527¢
Vr*-u5 o
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Also known 1is the equilibrium state relation
h = . * L]
5 h(P5;DS) (52 )"')

One form of iteration involves picking a value of A (and hence
p5) and using equation (3.2.1) to find p. For these values of pg
and o5 equation (3.2.4) is used (or an equilibrium gas chart) to find
the equilibrium value of h5. This value of h5 is compared with that
given by equation (3.2.2). TIteration on A continues until satisfactory
agreement is achieved for h5-

Knowing the equilibrium state of the gas along the shock boundary
of region 5, the next step is to transfer this information to the end
wall. Using the method of characteristics for a chemically reacting

1,16

gas, along a right-running characteristic in the x-t plane (i.e.,

of slope dx/dt = ug - 8o

) one finds

&p 5u5
%-E—'i‘psa.BF%?:Y (5-2.5)

where Y is an expression related to the rate of entropy production
owing to nonequilibrium chemical processes. If the gas in local chemical
equilibrium, as assumed here, Y = O and the equation reduces to the

same form as that for an ideal gas. Noting that u is negligible

>
(except in the relaxation layer of 5, which has been neglected) and
that the frozen speed of sound does not vary much across the flow field,

one can assume that the characteristics are straight lines. As a

further simplification all characteristics are taken to have the same
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slope; the slope chosen corresponds to the frozen speed of sound eval-
uated at the equilibrium conditions of point C after the incident-shock
flow becomes uniform. These are the same equilibrium conditions which
are tabulated in tables of reflected shock-wave properties for real gases
and referred to here as the reference equilibrium conditions (denocted
with an asterisk). |

In terms of the conditions at the shock wave, the end-wall pressure

is given by
(p:) = (pe) + 8p (3.2.6)
5, " Psl, T s

where

6p5 = - (p5u5a5F)C .

Since lap5l << Ps) to zeroth order (p5 is equal to (p5)C' The

)D
first-order solution for the end-wall pressure would include 5p5.

At this point in the analysis =zeroth and first-order solutions
for end-wall pressure have been developed. HoweVer, it is worthwhile
to pause here and appeal to the physics of this problem. Since u5 is

much less than the characteristic velocity a the gas in the reflected

1
region ig nearly at rest. A great simplification can be made if one
neglects u5 completely and uses a jump condition across the reflected

shock which brings the gas to rest rather than to an equilibrium state.

In this case the density ratio is
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The valﬁe of pg at both C and D is given by equation (3.2.1)
using N+-

The advantages of calculating p5 this way are noteworthy. Iteration
on A to find the appropriate equilibrium state 1s no longer necessary.

A simple calculation of X+ at each point along the trajectory immedi-
ately establishes the end-wall pressure as a function of time. This
technique was utilized in obtaining the results to be presented in the
next section.

It should be noted that the simple approach for calculating p5
always provides an answer for end-wall pressure between the zeroth and
first-order solutions discussed above. For details of this proof see
Appendix D.

The magnitude of the errors introduced by the simplifying assumptions
can now be established. To investigate the error involved in assuming
a constant-speed reflected shock wave, equation (3.2.1) is rewritten in
terms of the incident-shock velocity and a corrected reflected-shock

speed, il.e.,

v ¥ av

(n-l r r 2 +
by &Py + PV o + 7 )(1-1/x) .

+
For the diatomic gases studied here, A ~ 8 while 1n varies from about
+ .
8 to 16. Neglecting 1/A, setting (n-1)/n equal to 1, and noting
that p5 >>-p2 and Vr* < VS, an approximate form of the above equa-

tion is



It can be seen from equation (2.1.3) that
* ~ =~
vV, ~ 1/~ 1/8
so that

pg = p2V§ [1+ .25(1-av /v )]
A 10% change in V.. thus results in about a 2% change in Ps- The
assumption of a constant-speed reflected shock is certainly Justified
since the difference between the F2E5 and E2B5 reflected speeds is
typicaliy less}than 10%. Furthermore, it is only for very short times
that the shock speed approaches the F2ES; value.

The magnitude of the difference between the zeroth and first order
pressures (and hence a rough error bound on the simple h+v solution) is

given approximately by
16:95/1)51 ~ ‘u5/a5Fl *

Over a range of cases studied in O, [u5/a5F] was typically less than
1% and never exceeded 2%. The simple A" solution therefore introduces

an error of only 1% or less in the end-wall pressure.

%,2.2 Resulbs of the Outer Solution

Results of the outer solution are presented in Figs. 6 and 7 for
two shock conditions solved at Ames Research Center. These shock

conditions are the same ones used in Section 5.1 to provide comparisons
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for the inner solution. The difference between the NASA solution and

the outer solution is less than 1% throughout both Fig. 6 and Fig. 7,

except during the brief initial period of time wherein the relaxation

in region 5 is important. For these short times the inner solution is
necessary.

In Fig. 6 the Ames solution was ended at 35 usec owing to the on-
set of oscillations in the solution. These oscillations, not shown
here, resulted from the size of the network used in the calculational
scheme. Since the machine time necessary to obtain the solution amounted
to nearly 10 hours, it was not feasible to reduce the network size further.
The computing time was lengthy because the NASA program calculates the
entire reflected flow field. The outer solution presented here applies
only near the end wall but takes less than one minute of computing time
per case and converges asymptotically to the exact final pressure level.
The divergence between the NASA and the outer solutions for long times
is caused by numerical convergence problems in the NASA programnm.

The purpose of this chapter was to present a new technique for
obtaining end-wall pressure histories during shock reflection in a
chemically relaxing gas. Now that both the inner and outer solutions
have been verified, results can be presented for a wide range of shock
conditions. Figs. 8 through 11 show the composite pressure histories
for two initial pressures and a range of shock speeds in O2 and NQ.
The results are presented in dimensionless form with respect to the
reference equilibrium pressure. Since there is no pressure gradient in
the final entropy layer, all the curves shown are asymptotic to 1.

Electronic excitation is considered in these results and the rates
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employed are the same as those used to compute the initial pressure
glopes of Figs. 2 and 3.

It should be remembered that vibrational relaxation times have been
set equal to zero in these calculations so that the solutions are in-
correct in this regard. The curves presented are thus a bound on the
actual behavior. The result of considering this effect would be to alter the
shape of the pressure histories for short time.

For very short times the thickness of the translational shock wave
also becomes important. Since the incident and reflected shock waves
were assumed to have zero thickness, this effect would modify the pres-
sure histories presented for times less than about lO"7 seconds.

The pressure solution presented in this chapter has at least two
important applications. First, the ability to relate accurately the end-
wall pressure to the reaction rate in the gas, with a minimum of computing
time, presents a new technique for inferring the reaction rates of shock-
heated gases. A major part of this investigation has been concerned
with the application of a fast-response pressure gauge, in conjunction
with the outer pressure solution, to infer the reaction-rate coefficients
of shock-heated NQ' This work is presented in Chapters 4 and 5.

A second important application of the pressure solution is discussed
in Chapter 6. It will be shown that the time evolution of all end-wall
thermodynamic varisbles can be calculated when the end-wall ?ressure
history is known. These calculations also yield the steady-state thermo-
dynamic properties which provide the upper bound on the thermodynamic

variations existing in the end-wall entropy layer.
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4. THE EXPERIMENT

Short-duration pressure histories have been obtained on a shock-
tube end wall for a range of shock conditions in pure N2 wherein
chemical relaxation is the dominant nonequilibrium frocess. The pressure
was recorded using a fast-response pressure gauge similar to that de-
scribed recently by Baganoff.6 The gauge has a risetime of less than

.2 usec and provides an accurate reproduction of the transient pressure

on the end wall for times up to 1k usec.

k.1 The Shock Tube

All the developmental experimentation was performed in the Stanford
Aerophysics Laboratory shock tube, a 25-foot-long tube of extruded
aluminum with a 2-inch-square inside cross-section. This facility,
described in detail in Ref.'l7, can be used in either a pressure or a
combustion-driven mode. The pressure-drive mode was utilized for cali-
brating the pressure gauges in the ideal-gas regime; all chemical relax-
ation data were obtained with the combustion~driven mode.

For comparison purposes, final data were collected in two different
shock tubes, the Stanford shock tube and a 3-inch-diameter combustion-
driven shock tube in the Physics Branch of Ames Research Center. The
latter tube is of stainless steel and 35 feet in length.

In the Stanford shock tube the incident-shock velocity was measured
with barium-titanate pressure transducers located 5, 25 and 35 centi-
meters from the end wall. Since each crystal reacted differently to a

given incident-shock pressure pulse, the individual transducer responses
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were monitored to permit individual interpretation and to assure maximum
accuracy. Because of shock-speed atienuation and the short transit times
involved in the measurements, the shock speed 1s considered known only
to within 2%.

The initial pressure varied from .5 to 5 torr and was measured
directly with a MclLeod gauge or with a Wallace and Tiernan vacuum gauge
(0 to 20 torr) which was periodically calibrated with the same McLeod
gauge., Owing primarily to the gquality of these instruments, the initial
pressure is considered known only to within 2% for initial pressures
over 1 torr and approximately 3% for pressures under 1 torr.

In the NASA shock tube the shock velocity was measuredkbetween four
pressure transducers, each separated by a distance of one foot. The
last transducer was only one inch from the end wall. Because of shock
attenuation problems and the use of counters to obtain transit times,
the shock-velocity uncertainty is as large as 3% for some cases. Initial
pressures were measured with a high-quality McLeod gauge so that this
quantity is considered known to within 1% for all initial pressures
enmployed.

It should be noted that a 2% error in initial pressure generates a
2% error in the reflected pressure level while a 2% error in incident
shock speed causes an error of 5 to 6% in final pressure. The importance
of these basic measurements to each experiment is obvious and additional
time devoted to improving their accuracy is always well spent.

In both laboratories the shock tube was evacuated with a mechanical
pump to a pressure level of 1 to 5 microns before filling with the test

gas. The experiments were run at about 60 minute intervals in the
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Stanford shock tube and the combined leak and out-gassing rate just
prior to filling was usually less than 1 micron per minubte. At Ames the
experiments were less frequent so that the conbined leak and out-gassing
rate was less than 3 microns per hour. In both laboratories the runs
were always completed within minutes of filling the driven chamber. The
Stanford shock tube was cleaned only after several runs while the NASA
shock tube was cleaned thoroughly with acetone and cheesecloth after each
TUNe

The test gas used at Stanford was from a commercial cylinder of
Liguid Carbonic Hi-~Pure N2 with a purity of 99.996%. At Ames the gas

was from a cylinder of Matheson pre-purified grade N2 with a purity

of 99.997%.

4,2 The Pressure Gauge

The pressure gauge consists of an elastic capacitive element for
sensing strain and the electronic circuitry necessary‘to convert a
capacitance change to an electrical signal. The gauge face forms the
end wall of the shock tube and i1s dlrectly exposed to the pressure pulse
created by the gas. Since the mechanics of the gauge have been exten-
sively discussed,2’6 these concepts will not be repeated here. The
particular pressure gauge used in the present study is a slightly modified
version of the gaugé described in Ref. 6.

A schematic drawing of the gauge is shown in Fig. 12 for the purpose
of discussing modifications to the original gauge design. Pilctures of
the gauge alone and of the gauge mounted in the shock tube are presented

in Figs. 13 and 14 respectively. A block diagram of the electrical

55



circuit is shown in Fig. 15. For details of the gauge operation the
reader is directed in particular to Ref. 6 which is the final report for
the NASA contract which sponsored the recent developmental work on the
gauge at Stanford.

The major improvements appearing in the present version of the
pressure gauge, as compared with the earlier versions, can be attribubed
to the use of dual electrodes (see Fig. 12) and improved gauge-construction
techniques. The dual-electrode design was a result of recent investi-
gations at Stanford6 and Caltech5 which showed that the pressure gauge
is strongly affected by the presence of charged particles in the gas
adjacent to the shock~tube end wall. TFor tests in argon where the inci-
dent-shock Mach number is 8 or greater, the unwanted "charge" signal can
contribute as much as 50% to the total output signal; this is clearly
undegirable if one is interested in precise measurements. A major portion
of this "noise" signal can be eliminated by using a dielectric cover on
the front face of the gauge (see Fig. 12). This cover plate must be thin
in order to retain the short-time response of the gauge.

The use of dual electrodes in conjunction with a differential
preamplifier allows the remainder of the noise signal to be removed
since the polarity of the gauge signal owing to pressure depends on the
polarity of the charging voltage while the signal owing to charged
particles does not. A type ¢ Tektronix differential preeamplifier was
used for much of the work presented here. WNote that by charging the two
electrodes with voltage of opposite polarity +he noise may be removed
and the gauge sensitivity increased by a factor of two.

Improvements have also been made in gauge construction practices.
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The discovery of the availability of Lexan meterial in thin films (3
and 5 mils) has eliminated the need for hand-gsanding thicker sheets of
Lexan to the appropriate thickness for use ag the capacitance element
and the dielectric cover sheet. Use of the thin films has also regquired
additional skill in bonding the layers of the gauge because of the
susceptibility of the thin films to wrinkling and developing small pin
holes. The advantages of the standard film are a substantial decrease
in assembly time and an improvement in gauge uniformity. Since the
sensing elements are now consistent from gauge to gauge, the sensitivity
no longer varies, and time-consuming gauge calibration is not necessary.
For additional details concerning the present gauge design see

Appendix H.

4,3 Experimental Results

In order to reduce experimental data, the pressure-gauge sensitivity
must be established. The sensitivity is measured using known pressure
steps provided by low Mach-number shock waves in the ideal-gas regime.

A typical response to a pressure step is shown in Fig. 16 for two
different oscilloscope sweep speeds. The gauge duplicates the square
pulse of the shock wave accurately for times greater than the risetime
(.2 Hsec) and less than the time at which strain waves from the edges of
the gauge begin to feach the sensing elements (=~ 1k4 usec ).

In Fig. 16a the signal is obtained with one element charged and one
element grounded. The single trace represents the response of the
charged element minus that of the grounded element. In Fig. 16b both

elements are charged but with opposite polarity so that the pressure
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responses are of opposite sign. The two traces represent the individual
response Of each element. The equality of the signal magnitudes for the
two elements is very good. In normal operation the signal from one element
is always subtracted from the other (whether one or both elements are
charged) so that any noise signal is removed.

Measurement of the shock speed and the initial pressure is suffi-
cient to fix the change in pressure level caused by shock reflection in
an ideal gas. This change in pressure is plotted versus the output
voltage of the pressure gauge per unit of charging voltage in order to
obtain the gauge calibration factor or sensitivity. The sensitivity
depends only on the capacitive-element thickness so that uniformly
constructed gauges have the same calibration factor. The linearity of
the gauge response is confirmed in Fig. 17 which represents the response
of one particular gauge over a wide range of pressure. The lower bound
of pressure measurement (for a given gauge) is determined by electronic
considerations such as noise level, signal amplification, gauge charging
voltage and the sensitivity of oscilloscope preamplifiers. The upper
bound of pressure measurement seems limited only by the tension waves
which attempt to separate the sensing element from the gauge and the
structural limitations of the shock tube. Refleéted-shock pressure
levels of up to 40O psi have been measured without causing gauge failure.

Several experimental pressure histories for shock waves in chemically
relaxing N2 are shown in Figs. 18 and 19. In each case the flat part
of the trace following relaxation corresponds within experimental error
to the equilibrium pressure level, p5*. This was verified for each

experimental run by using the gauge calibration constant and tabulated
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*
values of p

>
pressure. The upswing on the far right of the traces in Figs. 18b and

corresponding to the measured shock speed and initial

18c is to be ignored since the upswing marks the end of the useful
recording time of the gauge. The magnitude of a typical noise signal
for an uncharged gauge element (in these tests) is exhibited in the lower
trace of Fig. l8a; the same preamplifier sensitivity was used for both
traces.

The fact that each trace becomes flat at an amplitude which corres-
ponds to the theoretical equilibrium pressure level provides evidence
that non-ideal shock-tube effects are not significantly disturbing the
chemical relaxation in the center of the shock~tube flow. However, some
decay in pressure level has been noted after chemical equilibrium for
very strong shocks at low initial pressures; see for example Figs. 19b
and 19c¢c. This effect i1s due either to the onset of side-wall boundary-
layer effects or to a decay in density (behind the incident shock wave)
associated with the combustion process. Since similar effects have been

noted by other investigator518’19

using combustion-driven shock tubes,
it is felt that a denslty decay 1s possibly present. This conclusion
seems even more likely since the effect of a side~wall boundary layer
would probably be to increase the pressure rather thén to decrease it.
The data shown in Figs. 18 and 19 were obtained with incident shock
speeds varying from 4.2 to 7.5 km/sec. Over this range of shock con-
ditions the equilibrium gas in region 2 varies from slightly dissociated
to more than half dissociated. The equilibrium gas in region 5 varies

from slightly dissociated to partially ionized; e.g., the case exhibited

in Fig. 19¢c causes some ionization in region 5. Since the theory of the
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pressure history for an ionizing shock wave has not been developed here,
the trace in Fig. 19c was not used for data reduction. It is interesting
to include this run because the thickness of the translational shock
wave is noticeably larger than the risebime of the gauge at these shock
conditions. Furthermore, this trace enable one to gain a feeling for
the merging of the translational, vibrational, and chemical relaxation
times at strong-shock conditions. The possible utility of pressure
measurements for studying shock structure can be seen.

The uncertainty in each pressure measurement can be attributed to
a combination of four possible errcrs. The total uncertainty resulting
from all of these errors rarely exceeds 10% of the préssure signal. Two
of these errors involve the basic measurements of incident shock speed
and initial test pressure, as discussed in Section 4.1. A third error
is associated with oscilloscope performance since the vertical deflection
on an oscilloscope trace is known only to within about 2%. The fourth
error is the deviation between the gauge response and the actual end-
wall pressure. As shown by the calibrstion traces of Fig. 16, such error
is primarily limited to the first one or two microseconds after reflection.
In the final data~reduction procedure an approximate correction was
applied to help eliminate this error. In brief, the experimental voltage
at a given instant after reflection was gimply multiplied by the factor
which was required to restore the calibration signal for that same gauge
back to a square wave form. The correction factor, which varies with
the time after reflection, was found to differ from one gauge to another.
No information was collected during the risetime of the gauge.

The effects of the experimental urncertainty were minimized by
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reducing the data in dimensionless form. Each pressure history was
divided by the signal amplitude obtained from the flat portion of the
same trace. These experimental pressure-ratio histories were directly
compared with theoretical pressure-ratio histories without consldering
the absolute difference in the predicted and measured equilibrium

pressure levels.
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5. NITROGEN REACTION RATES

Utilizing the pressure gauge and associated equipment described
briefly in the previous chapter, end-wall pressure data were obtained
for a range of strong shock waves in pure Ng. About half of the final
experiments were performed in each laborastory (Stanford and Ames) using
the same pressure gauges and experimental techniques. In this chapter
the data-reduction procedure is discussed and the measured reaction

rates are presented.

5.1 Data-Reduction Technigue

In order to monitor the equilibrium pressure level during each run;
the experiments were designed so that chemical equilibrium was attained
within the useful observation time of the gauge. This means that the
relaxation time behind the incident shock wave was adjusted to be about
10 usec or less by varying the incident shock speed and the initial shock=
tube pressure. The reaction rates of N2 were so fast at these condi-
tions that the initial relaxation periocd im the reflected regilon was
always less than the risetime of the gauge, and the observed pregsure
histories were a result of relaxation behind the incident shock wave onlye
The outer solution of Chapter 3 was therefore applicable for calculating
theoretical pressure histories for gilven reaction rates. The correct
rates were inferred by adjusting the reaction rates used in the computer
program until good agreement was found between theory and experiment
over a range of shock conditions.

Before proceeding to some actual comparisons of predicted and
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measured results, further comments are in order regarding the reaction-
rate input to the computer program. The reaction in question is

q,m

N, + M pud

kr,M

2N +M . (5.1.1)

The collision partner, denoted by M, can be elther N2 or N for a
pure gas. Therefore there are four reaction rates coupled to the gas-
dynamic processes, two dissoclation rates and two recombination rates.
It is customary, although subject to some criticism, to relate the

dissociation and recombination rates throughout relaxation by the

equilibrium constant evaluated at the local translational temperature,
i.e.,
%3,w 4,1,
N noneq 505 noneq

These relations reduce the number of independent reaction rates to two

and allow the rate equation to be written as

O
&8

2 2
=W, {Kn,1" - [N]"[m,1}
(5.1.3)
+ e, (KON, 100] - NI

For convenience the recombination rates are specified rather than
the dissociation rates. It should be emphasized, however, that it is

primarily the dissociation rates which are being measured in these
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experiments sineg the dominant nonequilibrium phenomenon is that of
dissoclation. The values of the recombination rates are fixed only
through the artifice of requiring the equilibrium constant to apply in a
nonequilibrium situation.

The recombinstion rates were taken to be of the form provided by

classical collision theory,

-b
r,N BN

and 'bN
2

o, "B T

so that both the reaction rates are specified with a total of four
coefficients (two B's and two b's). These four coefficients were the
only parameters varied in fitting the experimental data.

It is also useful to define the ratio of the recombination ratszs

ags a relative colligion efficiency,lu’go

kr N
R=—2mo (5.1.5)

kr,NQ

which is generally temperature>dependent. The rate equation may now be

written as

o 2 - Dy (38 £y} I, Iw{k(m, 1- 1%} (5.1.6)

where
2of(1-a) = [W]/[w,]
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is the ratio of the atomic and molecular mole fractions.
Equation (5.1.6) is written for the purpose of emphasizing the
relative importance of the molecular and atomic rate contributions to

the total reaction rate. The total rate is seen to be determined by the

2a

molecular rate when R 6

<< 1 and not simply when R << 1. Conversely,
whenever R %%§:>> 1l the atomic rate is predominant. It is through

an analysis of this type that one can understand how to modify the rates
when fitting experimental results. It becomes obvious, however, that

the molecular rate can best be inferred through studies of weak shock
waves or during the initial portion of the relaxation zones behind strong
shock waves; the atomic rate can best be ascertained from strong shock
waves causing large values of & early in the relaxation zone.

Although nearly thirty pressure histories were initially obtained
for data reduction, it was soon clear that the labor necessary to analyze
the effect of the rate coefficients on all cages was prohibitive.
Thirteen different cases were finally selected as a representative sample
which was uniformly distributed over the full range of experimental
conditions studied. The reaction-rate coefficients were inferred from
these thirteen cases only.

The data interpretation began by using the rates suggested by
Byron18 to obtain predicted pressure histories for all thirteen cases.
The four rate coefficlents were then varied individually in the computer
program until it was clear which coefficients were most sensitive or
insensitive for each experimental case. WNext, using those experiments
where the pressure histories were sensitive to only one or two of the

four parameters, a single set of rate coefficients was eventually obtained
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which consistently matched the shape of the theoretical and experimental
curves as closely as possible. There was a strong tendency for the
theoretical profiles to have a longer time scale than the experimental
traces for weak shock waves and a shorter time scale than the measured
historiles for strong shock waves. This set of rates was then applied
to all thirteen cases, and the effect of each coefficlent was analyzed
further until all four coefficients were finally fixed at those values

which provided the best overall compromise between experiment and theory.

5.2 Discussion of Results

Representative pressure-ratio histories are presented in Figs. 20
through 24. On each figure are shown the experimental result and the
theoretical prediction using the reaction rates finally selected as
providing the best compromise fit for the thirteen cases studied. Also
shown on each figure is the pressure history predicted using the reaction
rates reported by Byron.l8

A perfect fit for all cases shown is not to be expected since the
kinetics model employed was taken from classical collision theory and
does not consider such known complications as vibration-dissociation
coupling. However, owing to the reproducibility of the pressure histories,
and the agreement between results from the two shock tubes, the quality
of the experimental data are considered sufficient that future work with
a more realistic kinetics model would be frultful.

The rates inferred in the present study over a temperature range

of 5700 to 10000°K are
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cmé/(moleg-sec)

and

25 _-2.5

k =1.05 X 1077 T .

r,N

The lower bound of the temperature range specified corresponds approxi-
mately to the equilibrium temperatures behind the weakest incident shock
waves studied. The upper temperature bound was fixed by the earliest
stages of incident shock-wave relaxation which could be monitored for
end-wall times greater than the pressure-gauge risetime (= .2 psec).

The magnitudes of these rates (i.e., ) are felt to be correct

ESN
to within a factor of two of the clasgical collision-theory rates which
would provide the best possible description of the relaxation process
behind each of the shock waves studied. The values of the temperature
exponents are considered known to within =+ 2. These error bounds are
conservative estimates based on the gquality of the fits to the experi-
mental pressure histories, the scatter in the reproducibility of the
experimental results, and a value judgment of the range of reaction rates
which would provide a reasonable fit to the data. A large uncertainty

1s common in reaction rate studies because of the difficulties inherent
in making accurate short-duration measurements.

Through use of the eguilibrium constant, these rates may also be
expressed in dissociation-rate form. A simplified form of the equilibrium
constant, correct within lO% over the temperature range of 5700 to 10000°K,
is

-0 /T

a )

K(T) = 20 e moles/cu” .
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The dissociation rates (corresponding to the recombination rates above)

are therefore

-6_/T

kg . = 6:0 X 1000 g5 o 8 cmj/(mole-sec)
=

and

kg = 21X 1026 772+5 e-ed/T ‘

It should be noted that the temperature exponents suggested for
these reaction rates are incongistent with the upper limits imposed by
classical theory, and that extrapolation of these rates provides poor
agreement with room-temperature recombination-rate data. These dig-
crepancies are felt to be an indication of the shortcomings in the rate
theory rather than in the experiments.

The emphasis during this investigation has been on obltaining good
quality experimental data which could be compared with data obtained in
previous incident-shock studies. This approach was stimulated by the
degire to prove the utility of end-wall pressure measurements for future
kinetics studies. The utility of such measurements can be proven in
part if one can show that the rates which describe the pressure behavior
in the reflected région are the same as those rates which have been
measured in the shock-heated gas behind incident shock waves. Recall
that the suitability of end-wall pressure measurements for inferring
vibrational-relaxation data (which agrees with that obtained behind
incident shock waves) has been shown by Baganoff5 and Joha.nnesen.LL The

choice of N2 as a test gas for the present study was prompted by both
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the availability of existing rate data from incident-shock studies and
the practical interest in understanding the behavior of the major
constituent of air.

Previous data on the dissociation rate of shock-heated N2 have

19 and Appleton et al.zl Both Byron and

been obtained by Byron,18 Cary,
Cary inferred reaction rates by using a Mach-Zehnder interferometer to
monitor density histories behind incident shock waves in diluted mix-
tures of N2 and Ar or N2 and He. Appleton inferred reaction

rates by using a vacuum-ultraviolet absorption technique to monitor the
disappearance of molecular nitrcgen behind reflected shock waves in
diluted mixtures of N2 and Ar (the incident flow was assumed to remain
chemically frozen). In recombination-rate form Byron found, for tem-
peratures between 6000 and 9000°K,

16 oD

k = 2,6 X 10 cmé/(molee-sec)

r,N2

and

k . = 2. x 10°T 770,
r,N

The uncertainty in Byron's rates was considered to be about a factor of

two. . For temperatures between 8000 and 15000°K, Appleton found

-1.6

k = (2.2 # .6)1020 T cmé/(moleg-sec)

and

20 _-1.6
kr’N = (9.8 £ 2.6)107° T .
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Fig. 25 presents a comparison between the recombination rates
suggested by Byron,l8 Appletongl and the present study. The present
study provides good agreement with Byron's rate for an atomic third
body while some discrepancy is noted for the rate with a molecular third
body. The atomic rates of these two investigations differ by less than
a factor of two throughout the temperature range mutually considered.

The molecular rates predicted by Byron and the present study differ by
a factor of seven at 6400°K but are within a factor of two at 9000°K.
There is a sizeable difference in the value of the relative collision
efficiency; Byron predicts a value of R varying from about 14 to 11
over the temperature range specified while this study predicts a value
which varies from about 1.5 to 3.

Appleton’'s results have only recently been presented and a detailed
analysis of his work has not been made. It appears, however, that his
rates are substantially smaller than either those of Byron or the present
study. 1In the narrow temperature region where the different studies
overlap, Appleton's rate with N2 as a collision partner is about 1/3
that of Byron's rate and about 1/5 that of the present study. For the
same temperature range the magnitude of Appleton's rate with N as a
collision partner is about 1/6 that of Byron's rate and about 1/3 that
of the rate presented in this study.

Measurements very similar to Byron's have been presented by Cary.l9
However, Cary's results were criticized by Wray and Byrong2 and later
m.odified.25 The eiact results of Cary's work are not clear since
several different sets of reaction rates have been proposed to fit his

019922,

dat it can only be stated that his measurements provide reaction
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rates with magnitudes of the same order as those presented in Fig. 25.

It should be emphasized that all of the experiments in the present
investigation were performed in pure N2 while Byron, Cary and Appleton
were essentially restricted to highly diluted mixbtures of N2 and Ar
or N2 and He. 8i1x parameters were therefore necessary to fit their
data while only four are involved in a pure N2 study. It is certainly
more difficult to infer the reaction rate (and especially the temperature
dependence) for N or N2 as a collision partner when the majority of
the particle collisions occur with the inert specles. If one uses a
diluted mixture and wishes to ascertain the rates with N or N2 as
the collision partner, the dissociation rate for collisions with the
inert species would first have to be accurately known. However, the
magnitude of the revised rate for Ar reported by Cary25 differs by
about a factor of two from Byron's stated value, and Appleton's rate for
Ar differs by about a factor of three from that given by Byron. Al-
though a few runs were obtained in pure N2 by both Byron and Cary,
the range of shock conditions was extremely narrow. In the present
investigation a wide enough range of shock conditions has been employed
to obtain conditions wherein each of the two dissociation rates 1is
singularly important as well as conditions where both rates are simul-
taneously important.

The practical importance of studying the reaction rates which apply
in a pure gas is obvious. Most often, it is the rates for a pure gas
which are required in the calculations of actual gasdynamic flow problems.
Tt follows that if successful experiments can be performed in pure gases,

the measured rates should provide a more accurate description of the gas
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behavior than that given by rates measured in diluted gases.

There is another strong argument to support studies of pure gases.
Since the reaction rates which apply during relaxation are temperature
dependent, one would like to observe large temperature variations within
each relaxation zone in order to fix the correct temperature dependence,
and the temperature variation behind a shock wave in a pure gas is
greater than that with a diluted gas. Furthermore, the chemical descrip-
tion of a gas which applies far from equilibrium can be more realistically
inferred if one can observe accurately the nonequilibrium behavior of a
pure gas.

One puzzling aspect of comparing the rates measured in this inves-
tigation with those of other investigations is the disagreement in the
molecular rate. One would Imagine that the concept of reflected-shock
testing using the outer solution would be least valid for strong shock
waves. However, such shock conditions were paramount in determining the
atomic rate presented here, and the atomic rates of Byrom's study and
the present work are in good agreement. At lower shock speeds, where
the molecular rate is influential throughout each pressure history, the
outer solution should be at its best, but the molecular rate of the
present study differs noticeably from Byron's rate. Further experiments
are definitely in order to investigate the discrepancy in the molecular
rate magnitude and temperature dependence. However, the rates obtained
in this study are certainly in sufficient agreement with Byron's measure-
ments to justify future use of the pressure measurement technigue.

It should be noted that while the atomic rate presented here is

smaller than Byron's rate, the molecular rate presented i1s larger than
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his value. Therefore the total rates may often be similar, and it is
the total rate which determines the predicted profiles. This is the
reason for the good agreement between the predicted profiles shown in
Figs. 22 through 24, even though the individual rates of the two studies
differ. The similarity of these predicted histories points out the
difficulties of ascertaining the correct rates when several coefficients
are simultaneously important. The proper rate parameters can only be
inferred by studying the relaxation processes over a range of shock
conditions such that the effects of the various coefficients can be
egsentially isolated. The discrepancies between pressure histories
predicted with Byron's rates and with those of this study are much
larger for the slow shock-speed cases shown in Figs. 20 and 21. The
difference in the predicted results is most apparent in these cases be-
cause the molecular rate determines the profiles for weak shock waves.
The effects of changing the rate parameters from the values finally
selected in the present study are also exhibited in Figs. 20 through 2L,
The effect of doubling BN2 while holding the qther three coefficients
fixed is shown in Fig. 20. Fig. 21 exhibits the effect of changing
bN2 from 4.5 to 2.0 (the value of BN2 was also adjusted in order to
provide the same rate magnitude at 6400°K). Variations in the atomic-
rate parameters were found to have very little effect on the profiles of
these two cases. Therefore these particular experiments were especially
influential in fixing the molecular-rate coefficients. The profile
variations introduced by changing bN from 2.5 to .5 and by doubling
BN are shown in Figs. 235 and 24 respectively. Variations in the molec-

ular-rate coefficients had little effect on the pressure history of Fig.
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24 except at very short times. Therefore this experiment was especially
influential in fixing the atomic-rate coefficilents. TFigs. 22 and 23
represent cases where hoth rates are relatively important in the profile
calculations. The variations in the predicted profiles for specified
changes in the rate coefficients provide considerable insight into the
accuracy of the rate coefficlents finally selected and the importance

of each rate in a given experiment.

It should be remembered that the final rate coefficients were not
selected only on the basis of the profiles shown here, and that 15
different pressure-ratio histories were employed in the selection. Tt
is true, however, that some experiments were more important than others
in fixing the rates. For example, if one were to utilize only Figs.

22, 25 and 24, Byron's rates certainly provide a satisfactory fit to the
experimental data. However, cases of the type shown in Figs. 20 and 21
require a much faster rate with N2 as the collision partner, and a
different temperature dependence than given by Byron. If Byron's
molecular rate was increaged in order to fit these weak shock cases,
then his atomic rate would have to be reduced in order to maintain the
correct total rate required to fit the moderate and strong-shock cases.
The result of these rate modifications would be rates similar to those
predicted here. The importance of utilizing a wide range of shock
conditions is again apparent if all four coefficilents are to be properly
selected. For a narrow range of shock conditions, incorrect coefficients
can be chosen even though a good fit to the data i1s obtained.

The possible effect of impurities on the experimental results

should also be mentioned. Byron cited no noticeable effect owing to
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impurities. Although the cleanliness and leak rates of the shock tubes
employed here were comparable with those of Byron's study, his initial
pressures were higher by about a factor of ten. The ratio of the number
of impurities to the number of test gas particles is thus larger by

about a factor of ten for the present study although this ratio is still
less than 1% for the extreme cases. The reproducibility of results using
two different shock tubes with different cleaning procedures and leask
rates was taken as evidence in the present investigation that impurities
play a minor role.

Tt is concluded that the measurement of the short-time pressure
behavior on the center of a shock-tube end wall presents a promising
technique for future chemical-kinetics studies. The accuracy of the
method is sufficient that work including the effects of vibration-
dissociation coupling seems feasible. The pressure-gauge technique shows
particular potential because it is not restricted to a narrow range of
shock conditions (as are some optical techniques, for example) and
because of the time resolution which is possible. The agreement of the
Né reaction rates measured in this study with those of Byron's study
is good when one considers the difficulties of making accurate measure-
ments and the typical scatter between rates measured in different inves-
tigations. Purther work should be done, however, to investigate the

temperature dependence of the rate with a molecular collision partner.
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6. SOLUTION FOR THE END-WALL THERMODYNAMIC STATE

In Chapter 3 an approximate technique was developed for predicting
end-wall pressure histories during shock-wave reflection in a chemically
relaxing gas. It is shown here that once a pressure solution has been
formulated <the time evolution of other end-wall thermodynamic properties
can be readily obtained; that is, for a given set of reaction ratés, the
complete history of the end-wall thermodynamic state can be calculated.
The validity of the technique is confirmed by comparing results with
those of the Ames computer program.

The importance of obtaining end-wall solutions for thermodynamic
variables in addition to pressure is twofold. First, the ability to
calculate the complete gas state as a function of the reaction rates
provides additional possibilities for inferring the rates from experi-
mental measurements. Second, and of special interest to those studies
which assume the reflected region contains a uniform gas, the thermo-
dynamic histories provide information on both the length of time required
for the gas to relax and the particular equilibrium state finally attained.
These final properties provide limiting values for the thermodynamic

non-uniformities present in the entropy layer adjacent to the end wall.

6.1 Calculational Technique

The time evolution of the end-wall properties is calculated by

applying the energy equation for one-dimensional adiabatic flow,

2 3
o-,%(h+%u)-5%§=o ) (6.1.1)
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to the small element of gas located adjacent to the end wall. This gas
element follows a known particle path (x=0) in the x-t plane. For
this particular trajectory the velocity is identically zero and the

energy equation reduces to

o 3 |
° 3]%)x=0 ) BIJé):»c=0 | (6‘1.2)

The enthalpy of a dlssociating homonuclear diatomic gas can be
expressed as an explicit function of the translational temperature and

8

the mass fraction of the atomic species; that is,

7+5aRT+(lO$)W+(l-OC)h1A2 +O£D >
(6.1.3)

where hel refers to the contribution of the electronic energy. Two
more relations are also available along the end-wall particle path, the

thermal equation of state,
= pRT(1+)

and the reaction rate equation (5.1.5). The pressure solution is assumed
known by the techniques of Chapter 3.

The calculational procedure consists of a simple numerical inte-
gration. The initial state in the reflected region is found from cal-
culations which assume frozen chemistry and instantaneous equilibrium
of the internal energy modes with the translational temperature. Using

the known solution for pressure, the values of h and @ at time
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t = ®t can be computed using equations (6.1.2) and (5.1.3) respectively;

e.g.,

o(8t) = o 0) + %% (0) 8t .

Knowledge of h, p, and G at t = 3t is sufficient to fix the values
of T from equation (6.1.3) and p from the thermsl equation of state.
The new conditions are used to establish a numerical value for the
reaction rate at time + = ®t. The calculations continue until the

final pressure (p5*) is reached; at that time an equilibrium state will
have been attained.

The results to be presented here were obtained with a computer
program so that a large number of shock conditions could be studied.

The only approximations in the analysis (other than the kinetics model
chosen) are the simplifying assumptions which were made in establishing
the pressure solution. Since the relaxation processes on the end wall
depend primarily on the reaction rates and are only weakly coupled to
pressure, the solutions obtained here should be in excellent agreement
with more exact theory.

Tor short times after reflectlon steep gradients are present in the
thermodynamic variables since the dissociation rate is faster at the
frozen tempersture than at the equilibrium temperature. The steepness
of these initial gradients prompted the use of a non-uniform step-size
in the integration process in order to optimize computing time and to
minimize errors.

An alternative approach for computing the thermodynamic histories
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is possible by integrating entropy rather than enthalpy. The entropy
technique was used in the initial phases of this work but was found to
be more complex and to require more computing time than the procedure

suggested here.

6.2 Discussion of Results

Figs. 26 and 27 provide comparisons of end-wall histories in O2
calculated with the present model and the NASA program.l These are the
same shock cases used for comparisons of the inner and outer pressure
solutions. The agreement with the more exact calculations is remarkable,
especially when one considers the difference in computing time (several
hours for the NASA program as against less than a minute for the present
model). It is important to note that the NASA results stop short of
steady-state conditions so that values are not obtained for the final
end-wall properties; the simple model obtains this infofmaﬁion gulte
readily. Since both calculational techniques ubtilize integration pro-
cedures, some numerical error is caused by finite step-size. This error
was investigated in the present study and an integration step-size was
selected for each shock condition such that the error in the end-wall
properties is small.

As noted previously, the NASA program does not include electronic
excitation. The model used in the present study was altered for the
cases shown in Figs. 26 and 27 in order to provide a fair comparison
with the NASA work. Since oxygen has relatively low-lying atomic and

molecular electronic-energy levels, these should have been considered

at temperatures high enough to cause dissociation. The effect of this
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omission on the wall histories is to change the initial and final values
of all properties; the shape and time scale of the profiles are not
significantly affected.

End-wall results (with electronic excitation included) are presented

in Figs. 28 through 35 for shock waves in O and NE' The reaction

2
rates used are the same as those employed in Chapter 3 to obtain com-
posite pressure histories. The results are presented in dimensionless
form with respect to the reference equilibrium conditions (given by
calculations using the equilibrium reflected-shock speed). Because of
the entropy layer, the final thermodynamic properties differ from the
reference conditions. Values for the reference states in 02 and N2
are given in Figs. 36 through L3 (see also Refs. 24 and 25). The frozen
reflected state (5F) and the state given by ideal-gas calculations
with 7 = 1.4 are also shown on these figures.

It should be remembered that these end-wall historiles were computed
assuming that vibrational-relaxation times and translational-shock
thicknesses were zero. A realistic consideration of these effects would
certainly modify the short-time behavior of the results presented.

The time scale of the profiles in Figs. 28 through 35 depends
strongly on the reaction rates chosen. The effects of changing the
rates can be understood as follows. If the temperature dependence re-
maihs unchanged, doubling the magnitudes of both the molecular and
atomic recombination rates causes each point along an end-wall history
to be reached in half the time that was required with the original rates.

To make this comment plausible for a long time scale, consider the inci-

dent shock-wave region alone. Since all the properties at any one

60



position in the relaxation zone, except distance from the shock wave,
are coupled through the rate-independent conservation equations, doubling
the reaction rates at all temperatures simply shortens the relaxation
profiles by’exactly a factor of two.go Since the end-wall time scale
is directly coupled to the incident-shock time scale, all end-~wall vari-
ations are also shifted in time.by a factor of two.

'The effect of the rate magnitudes for short end-wall times is more
obvious. Doubling the rates clearly doubles the rate of change of p
and O as shown by the inner solution for pressure and the rate equation
for . Since the rate of change of h 1s linearly coupled to the raﬁe
for pressure, only half as much time is needed to resch the same values
of p, & and h as before. This fixes T and p at their previous
values as well so that all the profiles are uniformly shifted in time by
a factor of two.

It may also be obgerved that if only the molecular rate is doubled,
while the atomic rate remains at its original value, the initial part of
the end-wall profiles will still be shifted in time by a factor of two.
The effect on the remainder of the profiles depends on the relative size
of the atomic and molecular rates as well as the relative number densities
of atoms and molecules. For weak shocks causing small amounts of
dissociation (so that most collisions are with molecules), the overall
time scale is controlled primarily by the magnitude of the molecular
rate. For strong shocks where the gas 1is significantly dissociated, the
atomic rate usually dominates except during short times after reflection.

The effects of changes in the temperature dependence of the rates

are essentially confined to the early stages of relaxation where the
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nonequilibrium temperatures differ most from the equilibrium values.
The temperature dependence has little effect on the overall time scale
of the profiles since the relaxation time T2L is primarily determined
by the rate magnitudes corresponding to incident-shock equilibrium con-
ditions.go
It is also of interest to plot the final end-wall states for a
range of shock conditions since these properties provide an upper bound
on the thermodynamic non-uniformities within the entropy‘layer. Fig.
Ly presents dimensionless results in O, and N, using the same reaction
rates employed in Figs. 28 through 35, although the results are very
nearly independent of the rates. This is because the entropy layer is
primarily caused by differences in the initial energy and in the work
added along each adjacent particle path in region 5 and only secondarily
by the rate at which the particles adjust to their changing environment.
Another important parameter is the spatial extent of the entropy

layer. If one defines a relaxation length behind the incident shock

wave, L2, then the entropy-layer thickness in region 5 is approximately

given by
v ¥
T
T ~ L S S — .
5 23( * >
Vr + VS

The entropy-layer thickness and an entropy-layer formation time are

shown schematically in Fig. 45. The relaxation length in the incident
zone is defined here to be the distance at which the atomic mass fraction
reaches 90% of its equilibrium value. Values for the entropy-layer

thickness and formation time as well as the incident-shock relaxation
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length are shown in Figs. 46 and 47 for chemically relaxing 0, and N,.
In conclusion, the procedures outlined here are not restricted to
homonuclear diatomic gases. The technique should be of value in pre-
dicting end-wall histories for other chemical reactions and for other
forms of relaxation phenomena whenever an end-wall pressure solution can

first be established.
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T. SIMPLE MODEL FOR CALCULATING THE FINATL, END-WALL PROPERTIES

IN A RELAXING GAS

The previous chapter presented results for the time evolution of
the state of the gas adjacent to the end wall, ineluding results for the
final gas state attained. The integration technique required previous
knowledge of the end-wall pressure solution. This chapter introduces &
simple model which allows one to calculate the final end-wall properties
in chemically or vibrationally relaxing gases without knowledge of either
the relaxation rate or the pressure solution. The model is suitable

for either hand or machine computations.

7.1 Calculational Technique

The overall reflectlon process should again be viewed in the x-t
plane. Tmmediately after reflection the shock begins to change speed
due 10 the combined effects of relaxation in 2 and 5. Eventually, the
incident-shock flow becomes uniform and the reflected shock attains an
equilibrium speed. The gas particles which passrthrough the unsteady
reflected shock wave have entirely different particle histories and
entropy levels than those which pass through the steady reflected shock
wave; as a result different equilibrium states are attained than those
predicted by the steady-shock calculations. The region containing this
non-uniform gas is called an entropy layer. This terminology is con-
sistent with that used to describe the region adjacent to the surface
of a wedge in steady supersonic flow of a relaxing gas.

After the reflected shock reaches its egquilibrium speed, the flow
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field in 5 may be crudely divided into three different regions; a constant
length relaxation zone following directly behind the reflected shock, a
steadily growing intermediate region with uniform equilibrium properties,
and the stationary entropy layer adjacent to the end wall. As shown on
the figure above, the thickness of the entropy layer is scaled by the
incident-shock relaxation length.

The state of the gas in the uniform equilibrium region, denoted by
5*, can be found from real-gas tables or by using standard calculations;
the frozen state at time zero, denoted by 5F, can also be found using
standard calculations. Determination of the final condition of the gas

on the end wall, denoted by 5', is the subject of this chapter.
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Consider the element of gas adjacent to the end wall. Applying
the First Law of Thermodynamics for an adiabatic process, the change
in the internal energy of this element between the initial and final
states is equal to the work done on the gas element. The work is given

by the area under the curve traced in the pv plane.

|

p5 =~ - -

‘ *
The value of pS' is known, since it must equal p5 . The value
of v5' and the particular path of the curve in the pv plane are not

known a priori since the compressional process is not isentropic. The

work done on the gas may be written as

1 1 1 -
ATEES PEF(V5F_V5 ) + § (P5 —p5F)(V5F VS')E (7’l°l>

where the only unknowns are v.' and €, a factor allowing for the

5
curvature of the path in the pv plane. BSince (p5'-p5F) is often
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considerably less than pSF’ an approximate value for € is usually
satisfactory for calculating the "triangular area" contribution to the
work. Experience with the end-wall historles of Chapter 6 indicates
that an € value of 1/3 to 1/2 provides correct results for the
final gas state. A value of 1/5 has been used throughout most of the
work presented here. The particular value of € chosen becomes more
important as the shock Strength increases. For weak shock waves causing
only moderate amounts of relaxation the value of € may even be set
equal to 1 for convenience without introducing significant error in the
final properties.

For a value of € = 1/5 - the equilibrium internal energy is given

by
LI _ 1 1 - _ ,
o' = egn + Pop(Vop-vs ) + 7 (p5'-Pop)(Vep=vs ) (7.1.2)

where the only unknown is v5’. Since the properties at 5' are in

equilibrium, specification of any two thermodynamic variebles is suffi-

cient to determine all others, e.g., through a state relation of the

type
65' = e(p5')v5") ° | (7'1‘3)

The correct final conditions can be established by iterating on the
variable v.' until agreement is obtained for e_' between equations

5 5
(7.1.2) and (7.1.3).
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T.2 Discussion of Results

Dimensionless results for the final end-wall state in vibrationally

relaxing COQ, 0, and N2 are presented in Fig. 48. Reference equilib-

2
rium conditions for 002 are presented in Ref. 26. Because the pressure
doesn't change across these entropy layers, the dimensionless temperature
and density variations are equal in magnitude but opposite in sign (as
required by the thermal equation of state for a single species gas).

The results do not depend on initial pressure over tjpical shock-tube
conditions. The curves are ended near MS = 10  since chemical relax-
ation becomes the dominant nonequilibrium phenomenon for stronger shock

WaveS.

Regults for chemically relaxing O, and N

5 are presented in Figs.

2
49 and 50. These curves are ended at Mach 15 and 20 respectively since
the gas in region 5 is then essentially fully dissoclated, and the
temperatures are nearly high enough to cause ilonization. Since ionization
effects were not included in the analysis, there is a range of shock
conditions near the upper limits of these curves wherein the energy added
to the entropy layer is absorbed almost entirely by an atomic gas. Be-
cause the heat-sink effect of dissociation energy is no longer acting

to reduce the temperature change for a given energy addition, the work
done on the gas provides large variations in temperature and density.

The effect of including ionization in the analysils for slightly higher
Mach numbers would be to reduce the magnitudes of the temperature and
density curves and to cause new increases in the internal energy curves.

Some comments should be made concerning the range of shock speeds

for which both vibrational and chemical entropy-layer results are
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presented. TFor shock waves which cause chemical nonequilibrium, there
will always be both vibrational and chemical relaxation. It is assumed
here that these effects are not coupled, and that the time scale of
vibrational felaxation is always much less than that of chemical relax-
ation. In the real case there will be a short period of time after
reflection in which a vibrational entropy layer will be formed while
the chemistry is still essentially frozen. For longer times a chemical
entropy layer will be formed with a larger spatial extent than that of
the vibrational layer. An obgerver interested in times of the order of
the chemical~layer formation time would probably be unable to discern
the vibrational layer. The assumption is thus made, over the range of
shock conditions where chemical nonequilibrium occurs, that vibrational
entropy-layer results are valid only for times much less than the
formation time of the chemical entropy layer.

In conclusion, the magnitudes of entropy-layer non-uniformities
are seen to be large enough to deserve consilderation in some experiments
which ordinarily assume that the gas in the reflected region is uniform.
The simplicity of this calculational scheme mskes it possible to consider
such non-uniformities without resorting to a computer program (as in
Chapter 6). Furthermore, a comparison of the results in Figs. 49 and 50
with those of Fig. Lk4 shows that the accuracy of this simple technique

is very good.

69



8. SUMMARY

The problem of shock-wave reflection in a chemically relaxing
diatomic gas has been investigated in detail. The results of this study
extend our present understanding of the character of reflected flow
fields in non~-ideal gases and establish a new technigue for inferring
chemical reaction rates from experimental measurements in a shock tube.

It was shown that the end-wall pressure in a chemically relaxing
diatomic gas is characterized by two different time scales. The separa-~
tion in these time scales allows formulation of simple inner and outer
solutions for the wall pressure which are in excellent agreement with
more exact calculations.

A fast-response pressure gauge was used to obtain end-wall pressure

histories in two different shock tubes for chemically relaxing N The

o
pressure gauge was modified from previous designs to include dual
sensing elements; this eliminated difficulty with noise signals which
arose whenever charged particles were present in the gas. Extensive
work was done to increase the uniformity of the gauges and to reduce the
length of time necessary to construct each gauge. The result of the
modified design and increased uniformity is a reliable pressure-gauge
response over a spectrum of shock conditions and electron densities.

The dissociation rates of shock-heated N2 were inferred from
pressure measurements by using the outer solution for end-wall pressure.
The rates obtained were compared with those previously reported by Byron

and Appleton on the basis of other measurement techniques. In each study

the data were reduced using a rate form of the type suggested by clagsical
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collision theory when vibration-dissociation coupling is ignored. Good
agreement with Byron's work was found for the rate applying with N as
a collision partner, but some disagreement was noted for the rate apply-
ing with N2 as a collision partner. Some of the difference between
the rates specified in the three studies is felt to be a result of the
fact that Byron and Appleton tested in diluted mixtures of N2 while the
present study utilized pure N2. Arguments were presented for the
advantages of testing in pure N2 when the rates of interest are those
with N and N2 as colligion partners. The accuracy of the pressure
measurement technique is sufficient that further studles using a more
realistic model of the reaction kinetics, e.g., a model including
vibration~dissociation coupling, would be fruitful.

The ability to calculate the end-wall pressure for given reaction
rates was also used to calculate the time evolution of other end-wall
thermodynamic properties. Calculated results were presented for pressure,
temperature and density in chemically relaxing O2 and NQ. The
results were shown To agree very closely with calculations performed
at Ames Research Center, although the simple model requires only a small
fraction of the computing time needed by the Ames program.

One result of a reflected shock wave moving into a non-uniform
gas was shown to be the formation of an end-wall entropy layer which
persists after the unsteady portion of the shock-reflection process is
completed. The width of this layer is scaled by the incident-shock
relaxation length. The thermodynamic variations within the entropy layer
were shown»to be significant for some shock-tube gtudies which assume a

uniform test gas throughout the reflected flow field. Calculated results
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were presented for the thermodynamic non-uniformities and the spatial
extent of the entropy layers caused by vibrational or chemical relaxation
in 055 Ny and CO,-
The theory developed in this investigation should be of uge in pre-
dicting the character of reflected flow fields for other chemical reac~
tions than those studied here and for other types of relaxation phenomena.
The experimental techniques developed using the fast-response pressure
gauge seem especially valuable since the gauge is equally useful over a
wide range of shock conditions. The pressure gauge also shows promise

as a means of obtaining transient information during other unsteady flow

processes which occur on the microsecond time scale.
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APPENDIX A

A Review of Shock -Wave Refleetion in an Ideal Gas

It is useful to review shock-wave reflection in an ideal gas before
considering reflection in a non-uniform gas. In ideal shock reflection
a normal incident shock wave reflects from a plane non-heat conducting
wall into an ideal gas (specific heats are not functions of temperature).

The overall gasdynamic process can best be visualized in the x-t plane

shown below.

The coordinate x refers to distance from the shock-tube end wall
while the coordinate +t refers to the time after reflection. The inci-
dent shock wave proceeds with speed Vs toward the uniform stationary

test gas in region 1 and processes the gas to a uniform state 2 given by

>



the following standard ideal=gas ?elatioﬁshipszla

M, = Vs/al | (A.1)
oy - T (a.2)
_ _ s 4
Po1 = Po/Py (7._1)M§ 5
Ppy = /ey =1+ S (1-1) (8:3)
and
Tpy = Ppp/opy - (A.4)

The reflected shock wave moves away from the énd wall with speed
V. but toward the gas in region 2 at a relative speed Vr+up, where
up is the speed of the incident-shocked particles in laboratory coor-
dinates. The reflected shock properties are best defined in terms of

the reflected-shock Mach number,

V+U_ V. V p _l'
" __._r_£=_l:+_§( 21) hos)
r 8, a & 0 Y
2 2 o} oy .
so that
(1 0E -
Opp = soiemiisim .
52 (7-1)M§+2

1
‘..J
+

|f\)

=
—~~

|
-

~—t

p52 7+i r (A'7)
and

(A.8)
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Defining the Mach number of

coordinates,
My = up/ay = M fop 8y

then Mi can be related to

MéM} =1 .

This simple relation allows

the Incident-shock flow in shock-fixed

MS using the identity

use of standard idesl-gas table512

puting the ideal reflected-shock state.

[P

(A.9)

(A.10)

in com-



APPENDIX B

Reaction-Rate Relations Behind Incident Shock Waves

If one uses a coordinate system attached to the incident shock wave,

the pressure downstream of the shock wave is given by;E
=D, oV (1-1/n) (B.1)
2 1 1l's "
where

= pE/Dl B Vs/uE ’
Differential changes in pressure can be written in the form

2
dp, = u,; do, - (B.2)

Neglecting Py for the strong shock waves of interest in chemical

relaxation studies, equation (B.1l) may be rewritten as

2
P2 = U.2 02 (T]'l)

so that dimensionless pressure variations are related to dimensionless

density variations by

dp - '
Po Po

Following a unit mass of gas through the relaxation zone, the

First Law of Thermodynamics for an adiabatic flow yields
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dh =v dp .

Furthermore, h can be written as a function of T and o for a

diatomic gas so that

vdp=%> dT+%) i . (B.4)
o T

The subscript 2 is taken as understood and will not be used in the re-
mainder of the equations presented. Recalling the differential form
of the thermal equation of state for a diatomic gas,

dp _dp , 4T , do
EE=BQ+_T"+T&’ (B.5)

=

one may use equations (B.3) and (B.4) in order to rewrite equation (B.5)

in the form

3 (On/oa)(1+0t)
I e Rk Louuc Y S

Neglecting electronic excitation one can write h as

h = (1-a)(7/2 RT + ev) + Q(5RT + D)

where R 1s the gas constant, D is the dissociation energy, and e,
is the vibrational energy, all per unit mass of molecules. Since the

vibrational energy is given by
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RO
e = v
v exp(ev/T) -1 7

then

.diY = R(6V>2 eXp e'V'/'II

[exp(0 /1) - 117

which is very nearly equal to R for cases of interest to chemical

nonequilibrium studies (i.e., T > Gv). To this approximation one finds

oh
5_56)T=-(7/2RT+GV)+5RD+D

and

6h>
=9/2 R .
ar), =9/

If the last two equations are substituted into (B.6), together
with the assumption that o << 1 (recall that immediately behind the
shock wave O = 0), +then changes in density are related to changes in

o by

. —;]%—-] ~ dot % ¥(T) (B.7)

D
Ol

where

Y(T) = 0,/T - 3 - e /BT

and Gd = D/R is the characteristic temperature for dissociation.

Noting that
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'Ol_g.-
1l
2|8

and using substantial derivatives, one can rewrite equation (B.7) in the

form

Lot (B.8)

2

Dt O

O]
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APPENDIX C

Reaction-Rate Relations Behind Reflected Shock Waves

For a unit mass of gas undergoing adisbatic flow alohg the end-wall

particle path in the x-t plane, changes in enthalpy are given by

dh = vdp . (c.1)

The subscript 5 is understood throughout this section, The differential

enthalpy for a diatomic gas is approximately (see Appendix B)

dh =~ (9/2 R)AT + (3/2 RT + D - ev)da . (c.2)

Using equations (C.1) and (C.2) in conjunction with the differential
form of the thermal equation of state, for «a << 1 (recall that immedi-

ately after reflection @ = 0) one obtains

~80 T, 492
— 5t do (C.3)

Dng

(Gd/T -3 - eV/RT)

ol

Defining the notation

g = ps/pl 2

and noting that

do _ d€
4

0 - 2

then the relation between the changes in density and changes in O along

the end-wall particle path can be written as
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W(T) = 0,/T - 3 - e /R

and 6 and e
d v

are defined in Appendix B.
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APPENDIX D

Comparison of End-Wall Pressure Calculations

The simplified x-t diagram shown in Chapter 3

is repeated bHelow.

Vr‘ v
A
. 1
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/ >‘\
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x |
eyt yr 63
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. Ve v .
; ’ | v
|- S
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A ~ @

For given thermodynamic conditions at point &, the objeet is to caleculate

the end-wall pressure at point D. Neglecting the thickness of the relax-

ation zone behind the reflected shock, and assuming & constant eguilibrium

speed for the reflected shock wave, the shock-Jump conditions sre first

assumed to be those which bring the gas to an immediate state of chemical

equilibrium at point C. In this case the pressure at € is given by

, I V=P S
(P5)C = pg + pg(.up,_l-vr ) (l'l/k‘)
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*
where up is the laboratory speed of the gas at point B, Vr is the

equilibrium value for the reflected shock speed, and

u +V *
= (os/op)_ (-B;—)

V. "=u
T 5 c

All velocities are referred to laboratory coordinates and taken to be
positive, except u5 which may be either positive or negative since the
gas in region 5 may move away from or toward the end wall.

To zeroth order the pressure on the end wall at D is simply

(ps) . To first order the pressure is
C

= o ,
(p5)D (:p5)C + &pg

where

o5 = (-p5ustep)
C

is a small correction due to the curvature of the characteristic along
which the pressure wave propagates. If u5 is negative the pressure
at the end wall is greater than that at the shock wave.

A simpler method of obtaining the end-wall pressure is to assume
the shock-jump condition is that which brings the gas immediately to

rest. In this case the end-wall pressure at D is the same as that at

C; i.e.,

+ *,2, +
Py = Py + op(u (-1/A7) o,
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where

The difference between ‘p5+ and (p59 is
5w
: *p2 .
9, = oplu v, P - 1)
which reduces to
9 = p(-u )V -,
P5 = P5i s ANy TH5) -

Since

v - U

the simple jump condition of bringing the gas to rest always provides
a solution between the zeroth and first-order solubions for the end-wall

pressure.
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APPENDIX E

Modifications to the Pressure Gauge

Much of the progress in the development of the gauge described in
Ref. 6 was accomplished through the use of trial-and-error methods.
Progress was hindered by the fact that the construction of each gauge
was nearly an art and sevefal days were required to assemble each new
model. The design selected after a one-year developmental program at
Stanford (sponsored by a NASA contract) was a dual-element gauge of
Lexan material. This gauge eliminated the problems previously encountered
whenever charged particles were present in the gas. The length of time
necessary to construct a single gauge was still excessive, however, and
the performence from gauge to gauge was not uniform. The major problem
wags the necessity of hand-sanding thicker sheets of Lexan material to
the appropriate final thickness for use as the capacitbance element or
the dielectric cover sheet. This procedure was time consuming and
resulted in large variations in the final thickness of the capacitance
element.,

The effort described here involves the work done since the end of
the one-year contract period. The goal has been to improve gauge uni-
formity and to reduce the time required to build each gauge. This was
important for the experiments of interest in this investigation since
the extreme conditions (e.g., N% = 20 into 1 torr of Ng) caused
severe burning of the gauge surface and frequent guage failure. The
mechanism for gauge fallure was usually the burning of a hole in the

dielectric cover sheet, thus exposing the ground of the gauge to charged
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particles in the gas. The use of thicker cover sheets prolonged the
life of each gauge but also resulted in a deterioration of the response
for short times.

In an attempt to reduce construction time, several new materials
were tested for possible use as the dielectric sensing element. The
hope was to find a dielectric material which provided a good response
to a pressure pulse, could be satisfactorily bonded, and was available
in standard film thicknesses of 2 to 5 mils. Preferably, the speed of
sound in the material should also be slow in order to obtain a maximum
amount of %test time with the gauge. Several materials were tested
(e.g., Mylar, Teflon FEP, Tedlar and Teflon) but none was completely
satisfactory, even with various combinations of epoxy and film material.
Tests with different film thicknesses were also ungatisfactory. Gaugés
were then built of Lucite although this material was not available in
standard film thicknesses. The Lucite gauge provided a good response
but suffered from a fast sound speed and hence a short test time.

At this point it was decided to try a new source of Lexan material,
since a difference in color and hardness was noted between two consecutive
orders from a local distributor. TUpon further investigation it was found
that the General FElectric Company manufactured thin films of Lexan.

These films proved to be the moét satisfactory capacitance elements of
all the materials tested. Previous undesirable features in the perfor-
mance hand-sanded Lexan gauges were much improved in the new gauges. Use
of these thin Lexan films has required additional skill in bonding the
layers of the gauge, however, because of the susceptibility of the thin

films to wrinkling and to developing small pin holes during the bonding
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process. Pin holes in the capacitance element near the high-voltage
electrodes cannot be tolerated since such cavities provide a path for
the voltage to discharge through the capacitor to ground.

The use of the thin-film Lexan has resulted in a large reduction
in assembly time for each pressure gauge. Furthermore, gauges with the
same nominal thickness for the capacitance element now respond very
nearly the same. The uniformity of the response has removed the time-
consuming necegsity of individually calibrating each gauge.

In the hope of further reducing the gauge construction time, other
ideas have been tried in a preliminary fashion. At present the high-
voltage electrodes and ground are composed of conducting epoxy. Two
gauges have been constructed using thin metal foil (1/8 mil) as the
conducting material. There is some difficulty in bonding this material
to the Lexan, but the gauges which were eventually built performed as
well as the gauges with conducting epoxy (although a few cycles of wave
reflection were noticeable in the initisl part of the response to a
pressure step). The metal foil allows the gauge construction time to
be further reduced since the entire sensing element and cover plate can
be bonded as a pre-made sandwich. Further work is needed with this

promising concept.
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and d) combined process when Ts Z Top,e
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Fig. 12. Schematic drawing of the dual-element pressure gauge.
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a) Typical test setup

b) Pressure gauge installation

Fig. 1h4. Photographs of the dual-element pressure gauge and assoclated
equipment.
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b)‘

Fig. 16.

Response of a charged element minus the response
of a grounded element;

Sweep gpeed = 1 psec/div.

Upper Trace: response from a single element
charged to positive voltage;

Lower Trace: response from a single element
charged to negative voltage;

Sweep Speed = 5 psec/div.

Pressure-gauge response to a pressure step:
a) single element charged; b) both elements charged.
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a) V. = 4.26 km/sec; Py =5 torr;

Sweep Speed = 1 usec/div.

b) V, = 4.7 km/sec; P, =1 torr;

1
Sweep Speed = 2 psec/div.

c) V, = 5.3 km/sec; P

1= 2 torr;

Sweep Speed = 2 psec/div.

Fig. 18. Experimental end-wall pressure histories in chemically
relaxing NQ, Tl = 297°K.
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a) v, = 6.0 km/sec; P, = .86 torr;

Sweep Speed = 1 psec/div.

b) v, =T.1 km/sec; P, = .53 torr;

Sweep Speed = 1 usec/div.

L e
P
Hﬁ G b

c) v, Te5 km/sec; P, = .31 torr;

Sweep Speed = 1 usec/div.

Fig. 19. Experimental end-wall pressure histories in chemically
relaxing NQ, Tl = 297°K.
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Fig. 36. Reference pressure levels behind reflected shock waves in 02.
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Fig. 37. Reference temperature levels behind reflected shock waves in 02.
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Fig. 38. Reference density levels behind reflected shock waves in 02.
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Fig. 39. Reference mass fraction of O atoms behind reflected
shock waves in 02-
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Fig. 4O. Reference pressure levels behind reflected shock waves in N2.
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Fig. 4l. Reference temperature levels behind reflected shock waves in Ng.
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Fig. 42. Reference density levels behind reflected shock waves in NQ-
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Fig. 43. Reference mass fraction of N atoms behind reflected
shock waves in 1\T2.
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Fig. 46. Entropy-layer thickness (L5)’ entropy-layer formation time

(T2L)’ and incident-shock relaxation length (Lg) in chem-

ically relaxing 02.
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Fig. 47. Entropy-layer thickness (L5), entropy-layer formation time

(T2L) , and incident-shock relaxation length (LE) in chem-
ically relaxing 1\1?.
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Fig. 48. Simple model predictions for final end-wall states in
vibrationally relaxing 002, 02 and N2.
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Fig. 49. Simple model predictions for final end-wall states
in chemically relaxing 02.
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Fig. 50,

Simple model predictions for final end-wall states
in chemically relaxing NQ.
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