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FOREWORD

This technical documentary report was prepared by E. Stokes
Fishburne and Rudolph Edse of the Department of Aeronautical and
Astronautical Engineering of The Ohio State University on Contract
Number AF 33(616)-5015, Project 7005, "Aerospace Simulation Techniques
Research," Task 7065-01, "Fluid Dynamics Facilities Research." The
research on this task was administered under the direction of the
Aeronautical Research Laboratories, Office of Aecrospace Research,
Wright-Patterson Air Force Base, Ohio, with Mr. Robert G. Dunn,

Fluid Dynamics Facilities Laboratory, as Project Scientist.

This report covers one phase of the investigation on Contract
AF 33(016)-5615. Future studies on the kinetics of the decomposition
of nitrous cxide using high-speed spectroscopic techniques will be
conducted on a succeeding contract.

il




ABSTRACT

Kinetic studies of the thermal decomposition of nitrous oxide
were conducted in the temperature range from 1000 to 2500°K. The
decomposition of nitrous oxide behind the reflected shock wave in
a shock tube was investigated using photographic techniques. Tt
appears that the rate of decomposition may be governed by the vibra-
tional relaxation time of the lower energy valence bond. Induction
times for the rapid decomposition of nitrous oxide range from 152
microscconds at 1430°K to zero microseconds at about 2500°K. The
value of about 150 microseconds at lh3OOK agrees qualitatively with
approximate values obtained by other investipgators.
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SECTION I

INTRODUCTION

It has been proposed to use nitrous oxide as an energy source
for high enthalpy flow wind tunnels needed for the simulation of
hypersonic flight vehicle tests. To obtain proper flow conditions
it is necessary to understand the rate and mechanism of the decom-
position of this endothermic compound at elevated temperatures and
pressures., Under these conditions the reaction rate of the decom-
posing nitrous oxide, forming nitrogen and oxygen, is extremely
rapid. Previous experimental work performed at pressures near one
atmosphere by Hunter (Ref. 1) indicates that, at a temperature of
about 1000°K, the decomposition rate increases by about 48 per cent
with each 256K increase in temperature.

The experimental methods required for the study of chemical
reaction rates and mechanisms depend greatly on the magnitude of
the rate. Reactions having a half life of about five seconds for
the reactant are considered to be slow. Under these conditions
no real difficulties are encountered in making measurements. When
the half-life period ranges between five and 0.05 seconds, the rates
are considered moderately fast and it becomes somewhat difficult
to make rate studies by conventional methods. If half lives of
less than 0.05 second are involved, the reactions are very rapid
and new methods are nceded to determine the reaction rate constants.
Under these conditions it is imperative to reach the desired
operating temperature of the reacting system almost instantancously.

Previously (Ref. 2) it was shown that, at temperatures below
about 1000°K and at moderate pressures, a heated constant-volume
vessel could be used for measuring the decomposition rate of nitrous
oxide. However, when the pressure was raised, the reactions led to
explosive decomposition. Under these conditions this technique did
not yield any reliable information on the reaction rate. Therefore,
this method of measurement was abandoned and other techniques were
investigated.

One of the first problems encountered in the study of the decom-
position rate of nitrous oxide was the scarcity of thermodynamic data
which went orly to 1500°K (Ref. 3). Since information was needed
at much higher temperatures, it was necessary to calculate the
enthalpy of nitrous oxide up to 3000°K. The manner in which this
calculation was performed and the resulting data are given in
Appendix I.

Note: Manuscript released in April 1962 by the authors for publi-
cation as an ARL Technical Documentary Report.




SECTION II
REACTION RATES DERIVED FROM MEASUREMENTS

OF BURNING VELOCITIES

If the mechanism of the reaction kinetics in a combustion wave
can be established, it is possible to derive reaction rate constants
from measurements of burning velocities. 1In general, the interpre-
tation of these measurements is rather complex and not free from
errors. In spite of these shortcomings this technique was investi-
gated primarily because of the relatively simple kinetics of the
decomposition of nitrous oxide.

The existence of decomposition flames has been demonstrated
experimentally by Friedman and Burke (Ref. ), Adams and Stocks (Ref.
5), and Parker and Wolfhard (Ref. 6). A steady decomposition flame
of hydrazine, which releases 33,000 calories per mole upon decom-
position, was obtained by Adams and Stocks. Friedman and Burke
obtained an ethylene oxide decomposition flame. Ethylene oxide
releases either 32,000 or 8,000 calories per mole depending on the
nechanism of decomposition. However, the most interesting decom-
position flame, from the point of view of this study, is the nitric
oxide decomposition flame obtained by Parker and Wolfhard. Nitric
oxide releases about 20,000 calories per mole upon decomposing.

Henkel, Spaulding, and Hirschfelder (Ref. 7) applied a theory
advanced by Adams (Ref. 8) to predict the conditions under which a
decomposition flame of nitric oxide could be obtained. According
to Henkel, et al., the nitric oxide must be preheated to about 1000°K
and the flame started in such a manner that the resultant flame
temperature is about 3000°K. Parker and Wolfhard, using this
information, preheated the nitric oxide to about 1000°K and started
the flame with hydrogen. The resultant hydrogen - nitric oxide flame
temperature was in excess of 3OOOOK. The flame was prevented from
flashing bvack by quartz chips in the burner tube. These quartz
chips also aided in heating the gas by transferring the heat more
readily because of additional surface area. When the hydrogen was
removed the decomposition flame of nitric oxide remained.

On the basis of this theory it was determined that the nitrous
oxide should be preheated to a temperature of about TOO°K and the
flame should be started by adding a fuel so that the resultant
mixture would have a flame temperature which is somewhat higher than
2300°K. A steady decomposition flame of nitrous oxide, which had
been preheated to an initial temperature of about TOOPK, would have
an adiabatic flame temperature of about 2200-2 00°K at a mass flow
rate per unit burner area of about 0.015 gm/cm sec. For a detailed
discussion of this method, the reader is referred to References 7
and 8.




A Bunsen-type burner was constructed which allowed the nitrous
oxide to be heated to temperatures near 1200°K. Pebble-sized pieces
of silica brick were used to fill most of the tube to aid in the
heating and as a precaution against flash-back. To initiate the
decomposition flame, mixtures of hydrogen - nitrous oxide, carbon
monoxide - nitrous oxide, and ammonia =~ nitrous oxide were tried
eventually. According to Parker and Wolfhard (Ref. 6), these mixtures
have burning velocities of 400, 20 and 80 cm/sec respectively when
the gases are at room temperaturc initially. Although greater burning
velocities will result at higher initial gas temperatures, it appears
that a pure decomposition flame whose burning velocity is only 15
cm/sec can be stabilized when the additive is withdrawn.

The flame temperatures of the three flames were not known.
However, they were estimated to be much higher than 2HOO°K, since
the flame temperatures of hydrogen-air, carbon monoxide - air, and
ammonia~air mixtures are about QMOOOK, 2400% and 2100°K respec-
tively when the gases are at an initial temperature of only 300°K
(Ref. 9). Since nitrous oxide is an cndothermic compound and its
nitrogen-to-oxygen ratio is only two, it is reasonable to expect the
flames of a fuel and nitrous oxide to be much hotter than the corre-
sponding fuel-air flames. Thus, considering both conditions, it
appears that a decomposition flame should be obtainable.

The burning velocities of the hydrogen - nitrous oxide and
armonia - nitrous oxide gas mixtures were evidently much too large
to obtain a stable flame. When the preheated gases were ignited
at the top of the burner, a considerable mass flow rate had to be
maintained to prevent flash-back. As the hydrogen or ammonia was
removed from the gas flow, the flame would blow off. 1In an attempt
to keep the flame seated on the burner rim, the nitrous oxide flow
rate was reduced gradually. This procedure was fairly successful
until the flow rate was rather small at which time the flame would
flash back. All attempts to obtain a decomposition flame with the
hydrogen and armonia were unsuccessful. Since the burning velocity
of the carbon monoxide - nitrous oxide flame was very close to the
predicted burning velocity of the decomposition flame, it was decided
that this system would offer the best opportunity to obtain the
decomposition flame.

The carbon monoxide - nitrous oxide mixture generally recacted
in the pebble bed of the burner tube. To avoid this situation the
temperature of the pebble bed was lowered, the flow velocity was
increased and a carbon monoxide - air flame was established into
which the nitrous oxide was gradually added. The result was that
the carbon monoxide =~ nitrous oxide mixture would either react in
the pebble bed or the flame would blow off as the carbon monoxide
was reduced. Because of these difficulties and considering the
doubtful value of the flame studies, it was decided to abandon
this approach at this time in favor of the shock-tube method.




SECTION III

CHEMICAL KINETICS FROM SHOCK-TUBE STUDIES

Shock~tube techniques have been used very successfully by
several investigators for the study of rapid chemical reactions
(Refs. 10-14). Figure 1 shows a wave diagram of the flow phenom-
enon existing in a simple shock tube. Generally this diagram is
used since it gives the position of each wave in the tube as a
function of time. Most of the research performed in the shock
tube has involved the use of the reflected shock wave. This
particular wave offers the advantages that the gas remains essen-
tially at rest, that a much higher temperature is obtained than
behind the incident shock wave, and that a longer test time is
available than behind the incident shock wave. The results of
the calculations of the temperatures and pressures behind the
incident and reflected shock wave are presented in Appendix II.

Glick, et al., (Ref. 10) have constructed a single pulse
shock tube in which the gas is raised to the desired experimental
temperature behind the reflected shock wave and then is cooled
suddenly by the arrival of an expansion wave. The time between
the arrival of the reflected wave and the arrival of the expansion
wave is controlled by the rupture of two diaphragms. The first
diaphragm is located between the driver gas and sample gas while
the second is placed between the driver gas and a very low pressure
reservoir. The bursting of the first diaphragm creates the shock
wave and the expansion wave is generated by bursting the second
diaphragm. The time between the bursting of the two diaphragms can
be controlled to within * 100 microseconds approximately. After
the gas to be studied has been subjected to this rapid heating and
quenching cycle, a sample is taken from the end of the shock tube
and analyzed chemically to determine the composition. For a full
discussion of this technique the reader is referred to Reference 10.
The necessary alterations of the existing shock tube facility
rendered this technique impractical for the present study.

The existing shock tube facility (Ref. 2) consists of a square
shock tube 350 centimeters in length and 3.8 centimeters square.
Two large valves, which separate the driver, buffer, and sample
sections, were installed for the purpose of operating the shock
tube without diaphragms. These valves were used quite successfully
in a previous study in which all three sections were at the same
pressure initially. However, after a series of experiments, it was
determined that the high temperatures necessary for this study

could not be obtained unless the driver section had a higher initial

pressure than the sample and buffer sections. This condition was
achieved by the reduction of the pressure in the buffer and sample
gas and the installation of a 0.010-inch steel diaphragm between

the driver and buffer sections. Since the shock tube was not designed

originally for diaphragms, considerable time was expended to the
modification and development of experimental techniques. After the
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changes were made, the shock strength in the sample gas was suffi- }
cient to increase the gas temperature in excess of 3000°K. The upper '
pressure limit at which the decomposition rate could be determined

is governed by the glass windows in the tube. Since the windows did

break once, it was decided to place an upper limit of about 40 atmos-

pheres on the gas pressure behind the reflected shock wave.

The other major items used with the shock tube were the schlieren
system and a rotating drum camera. The drum camera essentially
produced a wave diagram of the incident and reflected shock waves on
the high-speed film. From a measurement of the slope of the incident
or reflected shock wave as recorded on the film and from a knowledge
of the rotational speed of the film, the shock-wave velocities could
be determined. These velocities then could be related to the temper-
ature and pressure behind the reflected shock wave.

At one time during this study a very serious problem existed to
synchronize passage of the shock wave with the opening of the camera
shutter. This problem results from being unable to score the diaphragnm
in a consistent manner., The result is a slightly different bursting
time for each diaphragm. However, near the close of the work, more
success was attained in the consistent scoring of the diaphragm and
only one shock in three or four was missed.

It can be shown that the time rate of decomposition of an endo-
thermic compound may be related directly to an increase in the velocity
of the reflected shock wave. This increase in velocity is related
directly to the rate of energy release in the gas behind the reflected
shock wave and thus to the rate of decomposition of the compound. It
has also been shown (Ref. 15) that the rapid decomposition of nitrous
oxide is accompanied by a luminescent glow. Strehlow and Cohen (Ref.
15), in their study of the reflected shocx wave used nitrous oxide in
one experiment and obtained a temperature of over 1400°K. A strip-
film photograph of the shock-wave pattern revealed that the nitrous
oxide, after an induction period, decomposed very rapidly as shown
by a region of intense radiation. As shown in Section IV similar
results were obtained in this study.

SECTION IV

EXPERIMENTAL RESULTS

The velocities of the incident and reflected shock waves were
determined from strip-film photographs similar to those shown in
Figures 2 through 5. From a series of measurements of the slopes
of the shock waves recorded on the film, it was concluded that the
reproducibility of the measurements is about one per cent. However,
in some cases the spread of the slope measurements may deviate as
much as three per cent from the average.



The results of the more reliable experiments are given in Table
I. The schlieren traces for experiments 56, 57, 81 and 82 are shown
in Figures 2 through 5. Experiment number 56 is particularly note-
worthy since the windows in the tube cracked during this experiment.
As can be seen in Figure 2, a region of very intense radiation occurred
after passage of the reflected shocx wave. This was the first exper=-
iment in which a region of intense radiation was obtained. TFrom Table
I it is seen that the theoretical pressure and temperature behind the
reflected shock wave are 167 atmospheres and 1430°K respectively. The
only possible explanation of this intense region of radiation is that
the nitrous oxide decomposed in an explosive manner after an induction
period of about 150 microseconds. Under such conditions of sudden
energy release, the pressure and the temperature could have reached
600 ztmospheres and 3OOOOK, respectively. A transient pressure of
600 atmospheres is sufficiently high to break the observation windows.

In Figures 2, 3 and 5 a distinct region of intense radiation can
be observed at some point behind the reflected shock wave, while in
Figure 4 the entire region behind the reflected shock wave is radiating
rather intensely. In these three figures an induction time preceding
the region of intense radiation can be measured. These induction
periods are presented in Table I. It is worthy of note that experiments
56 and 82 have about the same induction time and have temperatures in
the same region. A much shorter induction time was obtained in exper-
iment 57 whereas experiment 81 had no measurable induction time. Like-
wise the temperatures in experiments 57 and 81 are much higher than
those in experiments 56 and 82.

Careful observation of the wave structure in Figure 5 reveals
what appears to be a wave of some type originating at the end of the
tube about 150 microseconds after passage of the reflected shock wave.
The velocity of this wave was about 1900 * 200 m/sec. An approximate
calculation indicates that the detonation velocity of nitrous oxide
should be about 2000 m/sec under the conditions of temperature and
pressure behind the reflected shock wave. Therefore, it appears that
nitrous oxide detonated during this experiment.

The induction times mentioned in the preceding paragraphs are
probably related in some manner to the vibrational relaxation time
of nitrous oxide. However, the amount of data obtained thus far
precludes any attempt to relate them uniquely. Griffith, et al.,
(Ref. 16) have reported a vibrational relexation time of less than a
microsecond for the bending mode. Their observation time was about
100 microseconds and thus relaxation times of longer duration could
not be determined by them. They did, however, believe that a relax-
ation time at least 100 times greater than that of the bending mode was
indicated by the observation that the gas behind the shock was not in
thermal equilibrium. This rough approximation agrees fairly well with
the present results according to which the induction time is about 150
microseconds at 1430°K. Thus, if it is assumed that the molecule must
be vibrationally excited in the lower energy valence mode before disso-
ciation occurs, then this vibrational relaxation time would place a
limit on the rate of decomposition of nitrous oxide.
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Figure 6 depicts the reflected shock velocity as a function of
the incident shock velocity. The theoretical predictions of the
reflected shock velocity, based on complete thermodynamic equilibrium,
are given by the curve on the left., At first it appcared that these
predictions were much too low. With an incident shock velocity of
800 m/sec the apparent reflected shock velocity obtained in the exper-
iment was about 50 per cent higher than the predicted value. For this
incident velocity the temperature behind the reflected shock is about
960°K which is much too low for the decomposition of nitrous oxide to
affect the reflected shock velocity. Hence, the difference between
the theoretical and observed velocities rmst be attributed either to
the finite vibrational relaxation time or to a consistent error in
the measurement of the reflected shock velocity.

The effect of a finite vibrational relaxation time was investigated
by calculating the reflected shock velocity for a calorically perfect
gas (constant Cp). Calculations were performed assuming C, = 11 and

T cal/mole OK which correspond to values representing two fully excited
vibrational modes and no vibrational relaxation, respectively. 1In
equilibrium, nitrous oxide has a specific heat of 11 cal/mole °K at
500°. The results ol these calculations are shown in Figure 6. As
observed from this figure the calculations based on the assumption of
no vibrational excitation fit the apparent reflected shocik velocities
quite well. In view of the fact that the vibrational reclaxation time
in the doubly degenerate mode is less than one microsecond, there must
exist another causc for the observed discrepancy between the calculated
and observed reflected chock velocities.

According to Mark (Ref. 17), the reflected shock wave interacts
with the incident gas voundary layer to form a complex shock config-
uration, called a bifurcation, near the walls of the tube. This
complex shock confipuration Is a result of the reflected shock wave
moving at a greater velocity into the boundary layer, which has a
lower stagnation vressure tnan the "free stream" incident gas. Essen-
tially, the arca of interaction, called the "foot," precedes the
reflected shock by an amount dependent on the incident Mach number
and the ratio of specific heats. The distance that the foot precedes
the shock increases with a decrease in the ratio of specific heats.
For noble gases thls distance is very small and cannot be observed
with a scnlicren trace. However, with more complex molecules which
have a lower ratio of specific heats, this distance can be appreci-
able. High-speed photographs of the ref'lected shock wave in nitrous
oxide werc obtained by Strchlow, et al., (Ref. 15) and they show that
this distance is quite large. As a result of the bifurcation the
reflected shock wave accelerates until eventually a steady-state
distance is maintained between the reflected shock and the leading
edge of the foot. 1Initially, however, the foot is traveling at a
greater speed than the reflected shock wave. Thus a velocity measure-
ment of what, at first, appears to be the reflected shock wave is
actually the velocity of the foot. Fipgure 7 is a trace which shows
both the foot and the reflected shock. The reflected shock wave
appears as a dark region behind the foot and is seen to accelerate.




In this particular experiment the temperature behind the reflected
shock wave was too low for the reaction to proceed sufficiently
fast to produce this acceleration. Hence the attempt to obtain the
rate of decomposition of nitrous oxide by the measurement of the
reflected shock acceleration was unsuccessful,

Measurements of the initial velocity of the reflected shock wave
are shown in Figure 6 as squares. It can be seen that they cluster
about the curve based on a specific heat which included the doubly
degenerate vibrational mode, CP =11 cal/mole %K. Hence the agreement

between the predicted and actual reflected shock velocities is very
good for incident shock velocities below 1200 m/sec. The radiation
behind the reflected shock wave precluded any attempt to correct the
measurement of the reflected shock velocity for the three data points
obtained at incident shock velocities greater than 1500 m/sec. However,
considering the magnitude of these measured reflected shock velocities
and the intense radiation, it can be concluded that the nitrous oxide
decomposed sufficiently rapid to affect the velocity of the reflected
shock wave., A careful study of the two strongest incident shock waves
reveals that the intense radiation commences immediately after passage
of the reflected shock wave.

CONCLUSIONS

In conclusion it can be stated that the nitrous oxide decomposes
instantly when the temperature and pressure are higher than 2400
and 36 atmospheres respectively. In the temperature region below
2L00%K the decomposition appears to have an induction period which
is probably due to the finite relaxation time of the lower valence
mode.
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APPENDIX I

CALCULATION OF ENTHALPY OF NITROUS OXIDE

For the calculation of the conditions behind shock waves it is
necessary to know the enthalpy of the various constituents appearing
in the gas mixture. In the decomposition of nitrous oxide the
following species play an important role: Np0O, No, O, Op, and NO.

It is not necessary to include atomic nitrogen since, at temperatures
below 3000°K, the equilibrium concentration of N is very small. The
enthalpies of the four basic components can be iound in any table of
thermodynamic properties of gases. However, values of the enthalpy
of nitrous oxide are given up to a maximum temperature of 1500°K only
based on data published by Pennington and Kobe (Ref. 3).

The method used by Pennington includes the effect of stretching
of the intermolecular bonds and the anharmonicity in the vibrational
potential votn of which increase with temperature. These calculations
are very cumbersorie and require an electronic computer, which could
not be made available for this worx. The classical method provides
adequate results at reasonably low temperatures, depending on the
gas, but the deviation from the correct value increases with temper-
ature and at fairly high temperatures this deviation cannot be
neglected. A graph showing the per cent deviation in enthalpy is
given in Figure 8 for CO, and Hy0. Since CO, and NyO are both

linear tri-atomic molecules, it can be assumed that the type of
correction to be made to the classical method should, to a first
approximation, be the same. It is assumed that the slope (deviation
per degree Kelvin) of the correction curve for both gases is the
same. The per cent corrections for carbon dioxide vary linearly with
temperature as follows:

Per cent deviation = AT - B

where

A=6.36x 1o'u%/ox

B = 0.620%

Thus for N,O it is only necessary to determine the value of the

constant B, In order to determine this constant the classical value
of the enthalpy of N,O was calculated for atemperature of 1500°K

and compared with the corrected value from Reference 10. Since the
electronic energy levels of N,0O are too high to contribute to the

enthalpy at temperatures below 3000°K, the enthalpy was calculated
by means of the following equation

1%L,




2(850) . 1840 3200

+

HT - H295 = 3.5T +

i

which includes only translation, rotation, and vibration,

The characteristic vibrational temperatures

(1) (2) (3) (%)
=@ =80%, @ =1840°%,and § = 3200
vib vib vib vib

agree with those used by Pennington and Kobe. The differences

exp(g%—)- 1 exp(lé&g)- 1 exp(z%gg)- 1

- 1137

between the data of Pennington and Kobe and those derived from the
classical expression are listed in Table II. The estimated values
of enthalpy differences, which include the approximate corrections
for the deviation from the classical values, are listed in Table

II also.




APPENDIX II

THE CALCULATION OF THERMODYNAMIC PROPERTIES

BEHIND A REFLECTED NORMAL SHOCK WAVE

Calculation of these properties usually is given for gases with
constant specific heats. Under conditions where the specific heats
vary with temperature the calculations must be based on the actual
enthalpies of the gases. Calculations based on constant specific
heats apply to cases where the internal degrees of freedom of the
molecules are completely frozen, whereas calculations involving the
actual enthalpies represent the case where complete thermodynemic
equilibrium prevails.

The equations for determining the thermodynamic properties of
the shocked gas are most easily obtained when the coordinate system
is moving with the velocity of the shock wave relative to the
unshocked gas, uj, (Fig. 9). The equations of continuity, momentum,

and energy are written as follows:

2 _ 2
2 2
u-
il 2
Ny + —— = hy + —— 3
" =g = (3)

Assuming that the perfect gas law can be used:

i =B f]fi )

From Egs. (1) and (2), the shock wave velocity can be calculated.

1
P PQ/Pl -1

Substituting Egs. (5) and (1) into Zg. (3), the Hugoniot equation
is obtained

13




(6)

from which the static pressure ratio across the shock wave can be
calculated easily when it is assumed that no chemical reactions
occur because in that case ml = ZJZ,L) = A and h, - hy is independent

of pressure. Thus

=T_2 (H-EO) 1 (II-EO 1
. T |\RT i 2 RT 0

) Tl

{ =4

2

32_ (H-EO) _E}_ (H-EO g +T_2
D

T, J\RT RT 2 T

T, 15

P

[a]

g

The particle velocity can be obtained using Eq. (5) and Eq. (1)

1

RTyL (P2 ( To P )
Uy = Uy = || —— |[— =11 -~—= = (8)
. ¢ ?7L (pl ) Tl pg

To calculate the properties behind the reflected shock wave and its
velocity, u., the continuity, momentum and energy equations are used

as follows
op [+ (uy - )] =0y (9)
2 2
p2+02[ur+(ul-ug)} = Pp + Py Un (10)
2
[ + (- wp)] ur
hy + : o = n + — (11)

The pressure ratio across the reflected shock wave is calculated
from Eq. (11) upon elimination of the velocities by means of Egs.
(9) and (10)

1k




However, Tr/T2 cannot be selected arbitrarily. It is determined by

a second relationsnhip between the pressure ratio, pr/pg, and the
T
temperature ratio, ﬁz’ across the reflected shock wave. This expression

2
is obtained from Egs. (9) and (10) upon climination of the reflected
shock wave velocity. From Eq. (9), the velocity of the reflected shock

wave 1is

T M- (13)

Elimination of w. + (u} - W) from Eq. (10) by means of Eq.

(9) also yields thc reflected shock wave velocity
D 1
b
— -1
T
iz R B (1k)
L
pr Tp

Zquating Egs. (13) and (1) results in the pressure ratio

2
2 2
1Y Uy = T uq - T
P_:%_r_+1+(__l__u2>+ l.l;_r+1+(__1_£ .
Y T T
P2 2 RTs 2 R 1o 2

where according to Eg. (8)

15




o To
(v - u,)? (?1)(§_F)
1 2 il L i (16)

With these equations the procedure for calculating the parameters
of the reflected shock wave is as follows. TFor given values of the
initial gas temperature, Ty, and its molecular mass, 57L, the pressure

o
ratio, ﬁg, across the incident shock wave is calculated for certain
arbitrarily assumed values of the temperature T, behind the incident

shock wave by means of Eq. (7). The values of the reduced enthalpy,

AT

wave velocity is calcula‘ed from Eq. (5) and the particle velocity,

) , are taken either from a graph or a table. The incident shock
T

p
uy = Wy, from Eq. (8). Then the pressure ratio, 55, across the
2
reflected wave is calculated by trial and error by solving Egs. (12)

and (15) simultancously with arbitrarily assumed temperature ratios T£

2
&
until that value of fz has been found which gives the same values for
P, 2 D T
= from both equations. With these values of L and TE , finally, the
e P
2 2

reflected shock wave velocity is calculated from Eq. (13). Much more
complex calculations are required when chemical changes occur because
the molecular mass and the enthalpy difference h2 - hl and hr - hp

then depend on pressure. Graphs of T2, pe/pl, Ty, and pr/pl are
given as functions of u; in Figures 10, 11, and 12. Since the

temperature of the initial gas is always about 295°K, this value
was chosen as the initial temperature, Ty

16
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FIG. 3 WAVE TRACE OF EXPERIMENT 57
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FIG. 4 WAVE TRACE OF EXPERIMENT 81
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FIG. 5 WAVE TRACE OF EXPERIMENT 82
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RELATIVE ENTHALPY OF NITROUS OXIDE, Hp - Hpgs

TABLE II

‘femperature, T Classical Pennington and Kobe Estimated
(°x) (cal/mole) (cal/mole) (cal/mole)
500 2075
600 3204
700 14390
800 5623
900 68%

1000 8202

1100 9535

1200 10891

1300 12248

1400 13662

1500 1497k 15069

1600 16371 16485
1700 17780 17915
1800 19196 19353
1900 20626 20809
2000 22051 22260
2100 23489 23726
2200 24930 25198
2300 26377 26672
2400 27826 28160
2500 29268 29638
2600 30722 31131
2700 32185 32622
2800 33637 3h127
2900 35095 35628
3000 36547 37126

31




AATAISSY ' TON]ND

AAdIAISSVTIONN

AITAISSYTIONN

AJIAISSYTDONN

‘s101e8

-1Isoaaul aaylo Lq pouteiqo sangra olrvwiixoadde
s Apoaneinenb soaaide MLo¢k I® spuo

S OASOINTW 2¢ ] wWoay AadUuPa APINO SNOIJIU JO
uonttsodutosap prdva Ayl 103 sowiy uon HnNpug
puoqg aoruaea Adaoun I1OMO] 2y} JO sy uony
-PXPoa jrUOUIPIqQIA oyl Aq pouaossod aq Aerw
uontisodurosoap jo 2iv1 sy vyl saeadde 3]
‘sonbruy o srydeadoroyd duisn poaiedniisoaurt
STEM AQUL Y O0US P UL DAPM YO0USs paloajiad ayl

{ 43A0 )

ﬁucaﬂ..ﬁ Lva‘ZC T.:Chu:~ .«O CA:,F—TCQ:LD.J.JU AJF—er
.ZC:CmH 01 000t woay odura ;.:Z@.TJQ mal

.JLA urt U.Ju;-;uCC IATIIM .4;‘:7.: nSOhuﬁC uO
Coﬂuﬁﬂcﬁf:c a.«mu Hﬁn:h.ﬁ.: .J_,: .«3 ﬂ.J-USum FTJoUTY]
11odayy paygtsswioufn (0€+-79 1UV)
(c19¢-1919) ¢ IV 10m11uoD) (10-5902L
qsvelocapr yaalda)) sapqelr csnqn 1out od oq¢
2961 1aquinidag O snquungod ‘Liojeioqe-y
Uoavasay Iooy AJlsaaatun alelg ogo ‘Aspd
ydropny ‘auanqustg saols " Aq SEUNL
SVEAAINAL ANV SEMNSSAYd AFLVATITY
LV NOILISOdWODAA FJIXO SNOYW.LIN J0
SOILANIH TVDOIWAHD 0140 'gdV uosialiivd
|~r—,u~h.>> .DD~hOuMhOQﬁ\A r—.ghmvmvd _N.qﬂuSMCOMUAQ-

AHIAISSV ION]

(HATAISSY IDONN

(THATAHISSY IDNN

(HTAISSY TIDONN

"s1031€8

-TisoAutl 10ylo AQq paurelIqo sanjea ajewrixoadde
mtm Aaageirenb saaa8e yooey1 1® spuo

S O0S0d0TU e Woay 35UurRI 9PIXO SNOIITU JO
uontsodwossp pidea aypp 103 §3WI1} UOTIdONPU]
‘puoq oounjea AB1sus 1amog oy jo swiny uory
SPNR[OL JRUOLIRIQIA SY) AQ pauasaol aq Aew
uonitsoduwonap jo o3ea syl jeyy saesdde 1
‘sanbruyyol srydeadojoyd Sursn paledusaaur
STM 2QNY 00yS B UT 3ABM 3DOYS paldafial ayy

{ 43A0 )

PUIY2q 2PINO sNOJIJTU jo uonitsodwodsap ayL
"M»00¢T 03 0001 woay 28uea sanjeaad wa)

Yl ur UUH,,.J@COU DIAM UUMXO mSOhumC jo
uonjtsodwonap [PUII5Y]) oYl JO S3IPNIS DI}auly]
110day patjisseioun (0g+-29 TUV)
(c19¢-(a19)§¢ AV 19R1IUOD) (10-5902L
Asrlrcagr 1oaldag) sapqer csoqqr cpour od g
‘7a61 1oquiaidag O ‘snqunio) ‘Axojexoqe]
Yravasay 100y Ajtsanatup 31elg oy ‘9spH
udropny ‘ouanqust g soxols ‘m AqQ SAUNL
SVUIAWIL ANV SHYNSSTHd AIdLVAITH
LV NOILISOdWODJA FAIXO SNOULIN 40
SOLLANIM TVDIWNEHD 01O g4V uosianyd
«:1.:;3 ‘sataoleaoqery ﬂuh.m.)..nbd fe>1ineuocasy

-




AATATSSY 1IN s e i
ce101vaA ‘sa101ed
TISONTT I0o A poautrlgqo sanpra olvunxoadde lEoat aa1o g pauwiqo sanyea atewixoidde
it Apoaririnesel waogne MeO¢ 1 Y spuo it Aoaneitgenb sanade Mp0€F1 3® spuo
Yasog T Ter trea) afuva APING Ssnoatu jo Tascaratil el uloay Afura APINO SNMOIITU O
cdsitaovap pidea M1 A0 soulnl uot] 'upuj uapieadiaroyan prdeya 'Yl 10 sault} uonanpuj

D ONOD a1l T DUl uony

v ATIAUS 2aM0] Syl JO AW uoT)

VA TVUONIT ATy ol A potaasod aq Svul e pruanyagqia oyl 4q pauaoaaod aq Arw
et odiaansan po o ova oyl eyl savadde a1y teniteadaiosoap 1o a3wa o 1eyl saeadde 17
caothirun oy scgdieatojoygd durtsn poajednsoaur sorbrugoeoy igideatoroyd Futsn pate8usaaun
AJ.«MAHPFHI«. Hl/.., ey VIRNY TR e 3o 11 O ATUN N 4AJ:T. .Z.-u ‘.«mw;h .d—~a v ‘.N,ff,fu.A., ,r:.., STON g 1 4°0Us v Ul AP JJOﬂA.ﬁ mu.du.aﬂuﬁuwh @Lu
5240 ) 49420 )
AHTAISSY 1OND A e R
DIUTIOG Nt SO gt jo tnorpteoduio Yap oyl PUIYog apINO Snodltu 30 :::H.ADQnCO.JDU YL
T ool ppns tioag ofurea aameaad MpooeT 0V 000l woay afura sanjeaad tuag
AT PAI DT DI Y A2 apINo Snoalid jo QLU Pl TIpUOD 1AM APIXO $NOoJI1TU jo
Tieo0] L 0T 1o Sotpias vauty ot sodio v ap [UIayl Ayl JO SaIpnis d11aury]
T q (0% £-70 "THV) paoday panrsseun (0f€+-29 TYVY)
AV vaiue ) (fo-saol terac-@ra)ee IV 1 rnuod) (10-<90L
4wy Y o sorqel st ocreae od g A5 conr 1alda)y csarqer csoqur cpour od g
e ] oydag (v st 1oy Ny aodgy-g T doaquiadag 0 suquuUnio D) .»hOthOQﬁ.A
goav.ow 3 e ey Sprsaaatu ) el oo aEpT Yoo e oy Alisaaatun 01PiS oYY CAspa
el 3 oudnens: 4 saqo1d cd Aq SHUNL iropra couanqust g saMols 9 £q sgENL
SOMLCIINTT L CINY STIMAOASS I (1LY AATA VAHEAINGTD ANV SHUNSSAYd AFLVAATA
IV SOTHISOdINO O HTINO STTOMIIN 40 Y NOLHSOAINODHA FAINO SNOYLIN 40
SOTTHINT TTVWOTIINGIHD 2THO ol AV Uosa3lly dg SOFTHNIY IVDOTIINAHD 0o1yO g Jdv uosaniivdg

NP XER UL

[ qdvasoyy [roanruoday T DTAOITIDARI] YOdPasay] [PONPUOIAY




AQATAISSY TONRN

AERBISIISISS =N m

AdTA1SSYTIONN

AFTTIISSVYTIOND

‘sa101vd

TISOANLT 29410 Aq poutriqo san{ea aivunixoadde
1w Apoanieinenb sooafe M o¢ 1 1 spuo

S asOI I T uloa] AHuUPI apixo snoajtu JOo
uotizsodinorap prdea oyl Joj satuny uor npuj
puog oouates ASaouas gomog Ayl JO auIgy uot)y
SENTOL (PUOIPIqIA o) Aq paudaasod aqg Lewa
nosircodiunsap jo alva ooyl vyl savadde 3]
sathruyg o1 vagdeatoloyd Suren poirdilisoaaut

SN ;24, ﬂ M 2OUs P Ut AV l«a«ﬂmT ﬂduu 4.Jﬁw./.|u .Jﬂ*u

13A0 )

puigac

APINO snoIliu Ja uonrjtsodiuo “ap oyl
Mo00neT 01 9001 woay sRqura canivaad way
QUL PAlDIPUO )Y S T0M APING SNoIITU O
uontsodiuo YOAD [PIHIAYT Ayl JO SOIpNISE OT1oury
(¢ t-70 TUV)
(c1ac-(aa)ie AV 127I11U0D)) ({0-<Q0L

Asvr ] cany 1alda) csoapqer csappr cphur od opg

‘Tan1 Joaquuaidag O

1aoday] patjissriiun

I:ﬂ:::_:,VJ .whsﬂﬂLCQ.ﬂfq
Yravosay 1200y .»ir.._;.a:.D Aeig oy o8pg
ydpopry couanqust g soyolg g £4q SHUNL
VAT AINGL ANY STUNSSHYd AALVATTA
IV NOILISOAWO DA AAINO SNOYLIN A0
SOILENIM TVDINAHD 01O "d AV u0s1anyd
|u£.u<z~..(, < U:,LCﬁﬂ.'hDQﬁ.‘u L.;Lﬂ,.:r.yd v Jﬁu:«JCOhOK«

(THTLAISSVY 1ON]

CIATAHISSY T N D)

PATAISSY TN

CLElld TS S TN

‘s1ojed

Isoaul aoqlo Aq pauteiqo sanjea alewxoadde
Hitw Aoraneitpenb sana8e Mo0€F1 1® Sspuo
TASOINIWE 7] Woa) Afurd 3PINO SNOIITU JO
uonsadiosap prdea AUl 103 sowt) uoiionpulj
puoOq o aousiea A315ud 1aMOT Ayl Jo awiny uor)
SV PUOnvIqIA Ayl AQ pauloaaod aq Aew
uonpicodiuasop yo o3ws oyl jeyl saeadde 17
catbhiug rigydeardojoyd Suisn pa1eduisaaul
ST DU M OUS T UL DARM NIOYS Palaafial syl

( 48A0 )

PUiyaq apiNo snoajtu jo uonitsodwonap ayL
MH00CT 01 001 woay aduea aanjeaad way

DU U PAINTPUODY AIaMm dPIXO sNoaIjlu jo
uonisaduroyap [PIUIOYL AY) JO SAIPNIS dT1jouty]
Taodanyg PATJISSyouN AOm,w<|N© TAV)
(c1ac-{ara)ee Jv 1ovnued) (10-590L
Asvgcanr araldag) csoqer csoqr cpout od oqg
Tan doquioydoag cO Csnquinjon) "Axojeioqe]
qoavason 1oy fitsroaiun 91eIg o1yQ CaspH
qdjopny couanqust g sayoig g AqQ SIYNL
VHEIAINTL ANV SHYNSSTHYd dALVAITE
JV NOILISOAINODAO TAIXO SNOYLIN A0
SO HNIM "IVOINAHD o1yO "dJv uosialiyd
T cotaoleaoqe Yrdeasay] [BoINBUOIAY

W




AATAISSY TONN

ATIISSYTIONA

ATAISSY TDONN

(IATIISSVTDONN

‘s101ed

-risaaur aolo Lq pourviqo sanpea alvwiixoxdde
Mt Afoaanelrpenb soaonade Mo0€ t1 1® spuo

- OASOINIU TC] Woa) A8UP I ApPINO SNOIIU JO
uornisoditosap prdes a1 I0j souin uony npug
pUog ouaeA ATI0UN J0MO] oYl JO AU UoT)
SEXToO [ruonvIqlia oyl Aq pouraaod aq Aew
uontsodiuoop jo ova oy vyl savodde 17
satbhruy vl ngdeadojoyd dursn pmirdnsaaur

ST .Jjaﬂ /., :‘:~.ﬂ P Ul DAV /A «n«n*.ﬁ 1.Ju4.dﬁ.«.dk nuzﬂ

QA0 )

PUI ¢ HPINO SOOI 3O uvontsoaduro oap Ay L
Ma00eT 01 0001
S Ut polot
ﬂnaa.—ﬂ4ﬁau~w_ﬁHﬂv g.aﬂu ~«..ﬂ~h.4ﬂ~# .4.»- .~_a T..Jﬂmuﬁl—ﬂ.ﬁ Jdu.J:,mx
(0 +-79 THV)
(c1ac-(a1a)e e v 1 rnuon) (10-490L

wsv joeany 1ooalda) csoaqer csnpr cpur od ogg

troay oduva cameaad wray

SUO Y S I0aM apINO snoIjmua jo

1aoday payisse{Hun

‘ahn1 1aquualdag 0 csnquunio CAroleraoqery
YOamasay 134003 J11sI0atun Me1S oyO Caspy
ydiopny "ouanqust g soqoig " AqQ SHUNL
SVHAAWAL ANV SHUNSSHYd dALVAATA
LV NOILISOAWODHEd dAdIXO SNOYWLIN 40

SOILLANIM 'TVODIWAHD o140 'd AV uosaanlyd
S1ydta g sartrolvaoqe] YrIeasay [RallnPUuoOIsy

AATAISSVTIDONN

CLELL ATSS =T 2 NIA

HIAISSY 1NN

(UATAISSY IDONN

‘s103€8

-nsaAul xolo Aq pautelqo fanjea sjerwixoasdde
s Adanierijenb sasage Mo0€ET 3® Spuo

- ASOIONU 7C] WO} 23UBI APIXO SNOIITU JO
:::?.:f::;..v pidex sy 103 sauwIl} uorionpug
puoq aousiea A3I139un I9MOT AYY JO 2UIl UOT)
SPNPIog [ruonlvaqia oyl Aq psuxsao8 aq Aews
uotntgodiuo YApP JO a3Pa Syl eyl saeadde 31
‘eavbiuy ol orydeadojoyd Guisn paje8risaaur
SN AN YOOYS T U DARM H}OOYUS Paldafyel ayl

( s2A0 )

puIrgaq apixo snoajtu yo uonitsodwoonap ayl,
"Mn00eT 01 9001 woay afuer sanjesad wag
DUt PIONPDUOY dTMm UU%V.O mjohu,mc Jo
uoiltsodiuo YOP {PUIaay) Ayl Jo S2IPNIS D133UTy]
1roday poygrsseioun (0¢+¥-29 THUV)
{c19c-(a1a)ege IV 1orpaIU0D) (10-590L

4 eany 1oaldag) ssajqel csnm crout od 1¢
"Taol daquoidoag fQ ‘snquinio) ‘Aiojeaoqe-]
Yravrasay 15020y A11sIdatun 21818 0oyO "9spH
[opny Couanqyst g saxol1s g AqQ SETYUNL
“VHAAINAL ANV SFYNSSTYd A3LVATIA

I ¥ NOILISOdWODIA JAIXO SNOYLIN 40
SOLLIINTST TVDIWAHD 14O 'd4V uosianiyd
MZ.,‘:L AN ‘catIOlRIOqQEe] £,J|~.MDT:'U¢ ~m44ﬂujmco'~®<

i




