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ABSTRACT

The normal reflection of a »lane shock from a plane
wall is investigated experimentally using a pressure gatge
which has a risetime of 0.1 pusec and no overshoot.
Pressure nistories of 5 usec duration can be obtained with
this gauge. The experiments were conducted on the end wall
of the GALCIT l7-in.-diameter shock tube.

Experimental results for three aspects of the
reflection process are discussed: (l} prcfile for the
reflected shock front, (2) effect of a cold wall, and
(3) effect of a real gas.

It is concluded that the effect of a cold wall must
play a comparatively minor role in the reflection process
since the thickness of the recorded profile is comparable
+0 the thickness of the incident shock, and the pressure
jump across the profile is about 85 per cent of the ideal
value. Also, the pressure history immediately behind the
reflected shock can be approximated by boundary layer
theory. The effect of a real gas was studied in carbon
dioxide and it is shown that the relaxation process behind
the incident shock produces a large effect on the recorded
pressure history which provides a method of measuring the
vibrational relaxation time in carbon dioxide for high

temperatures.
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I. INTRODUCTION

The study of the flow thrcugh a one-dimensional
gas dynamic shock has unguestionably wroven o be a rich
source of information from both a theoretical and an
experimental point of view, especially in the last two
decades. In spite of the extensive studies Lhalt have
been reported over a broad spectrum of problems ranging
from high temperature chemistry in the shocked region to
studies of the shock front itself, the study of shoucked
flows will continue to be productive in the future for two
important reasons. First, the various phenomena that
enter the gas dynamic problem are fundamental in nature
and fcrm an almost inexhaustible supply of prcblems when
permuted with the available gases; and, second, new
developmenls in instrumentation continue to expand the
practical regions of exper:mental research and open up
new basic areas for investigation.

The subject material of the present work, it is
believed, falls in the second category. Since the
development of the instrumentation on which the present
investigation is based (0.l usec risetime pressure gauge)
has been reported previously (Ref. 1), the present vpaper
will be restricted primarily to a discussion of the

experiment and the resulting conclusicns.



The object of the present workx is to study, experi-
mentally, the reflection of a4 plane shock front from a
plane wall on a time scale of the order of the mean free
time for collisions in the initial gas. The only
idealization desired is a one-dimensional flow. Otherwise,
the‘object is to study the effects of using a real gas and
a real wall, i.e., heat conducting.

The aspeckt of this investigation that makes it bo*h
new and different from most of the "infinitely denumerable”
set of shock reflection studies found in the literature is
the Lime scale of interest. On the time scale of the mean
free time for collisions, the ohysics of such a shock flow
(from a gas dynamic point of view) is controlled by heat
conduclion, visccus dissipation, and (for sufficiently high
temperatures) relaxation phenomena such as vibratioral
relaxatior and initial stages of dissociation and/or
ivnization, depending on the gas. From the Xinetic theory
point of view, the time scale of interest may be such that
2 measurable difference would arise between the experi-
mental results and predictions based on the gas dynamic
equations of continuum mechanics. Consequently consider-
able fundamental information on real Fflows could
ultimately be expected from such an investigation.

It is recognized that the problem area, as defined,

is quite broad and has to be restricted for manageable



resulls. Therelore, the present study will be confined to
a discussion and analysis of experimental pressure history
data (cn the wall) for the shock reflection process with
the hope that the study will lead to a better understanding
of the fundamental processes involved, will point the way
to further experimental investigations, and may help in
formulating theoretical ideas for similar problems.

The interest in the experimental study of the
pressure history on the end wall of a shock tube for the
shock reflection vrocess has been guided strongly by the
present state of experimental capability. The case of the
free running shock profile has been studied extensively by
Sherman (Ref. 2) using a heot wire, by Horning and coc-
workers (Ref. 3 and references cited therein) using an
optical technique, by Camac (Ref. 4) using an electron beam,
and by Wray and Freeman (Ref. 5} using an ultraviolet
absorption technique. However, in each case the experi-
mental method has suffered from cne cor more limitations
such as poor resolution of the shock profile, restricted
Mach number range, low pressure, and restriction to a
particular test gas. Consequently, with the development
of the capability oI recording precise pressure history
data from the end wall cf a shock tube for a time interval
of 5 pusec (Ref. 1) and with the demonstrated difficulty of

making measurements on the free running shock in mind, it



was decided to investigate the shock reflecticn process due
to its greater flexibility as an experiment (no severe Mach
number limitation, most any gas can be used, detailed
pressure prcfile data can be obtained, etc.} even though
some aspects cf the corresponding theoretical problem are
presently extremely difficult.

In order tc define the scope of the investigation
more clearly, it is advisable at this point to congider
what one would expect to observe in the end wall pressure
history for +the shock reflection process (more accurately,
hindsight gained from the experimental results). Figure la
shows the x-t diagram for the ideal shock reflection and
defines the three regions of interest: the initial state
@) .the state behiné the incident shock @), and the state
behind the reflected shock &) . (The numbering order used
ir reference 6 is beincg followed here.) If the end wall
pressure were recorded on a time scale much larger than
the mean free time T in region C)and the gas used were
calorically perfect, then one would merely cobserve a
oressure stepr, eqgual in magnitude to the Rankine-Hugoniot
jump for the reflected shock, as snhown in figure 1b. On
the other hand, if the gas used were calorically imperfect
and observations were made or the same time scale, then
one would observe an effect something like that shown in

figure lc due to the re-establishment of the variables of



state after relaxation (this will become clear later). Lf
the time scale for the gas which was assumed to be calori-
cally perfect were reduced to within an order of magnitude
of the collision time in region @) , then the effect of the
cold wal_ would appear as a small negative pressure
perturbation which would vanish slowly as shown in

figure 1ld:; and on a time scale o the order of the colli-
sion time, the reflected shock profile would appear as
shown in figure le.

Although each effect discussed akbove is cf interest
in its own right and could be a subject of individual
study, all three effects will be considered here (however
separately) because of their close irterrelation and the
desire to ccnstruct a relatively complete picture of the
reflection prccess.

The problem of the normal reflection of a glane
shock from a plane heat conducting wall has been treated
theoretically by CGoldsworthy (Ref. 7) using a boundary
layer type of analysis. His solution gives the perturbed
trajectory of the reflected shkock and the perturbed flow
field variables in the reflected region for large time.
Experimental verificaticn of Goldsworthy's result for the
perturbed trajectory cf the reflected shock has been
given by Slachmuyiders {Ref. 8) and Sturtevant (Ref. 9).

The temperature of the wall at the interface between the



wall and the hot gas in the reflected region has been
considered by Clarke (Ref. 10), both theoretically and
experimentalily.

The effect of various relaxation processes on the
normal reflecticn of a plane shock has been treated by a
number of investigators, e.g., Spence (Ref. 1l1) has
discussed a linearized theory for the effect of dissocia-
ticn ard vibrational relaxation and suggested that an
experimental study of the reflected shcck may vield
information on relaxaticn times. Bashencva and Saytzev
(Ref. 12) have studied, experimentally, the trajectory of
a reflected shock in COZ'

The reflected shock profile itself has, unfortu-

nately, received iittle thecretical attention to date.



II. EXPERIMENT

2.1 Shock Tube

The experiment was conducted in the GALCIT l17-in.-
diameter low-pressure shock tube. Since the shock tube
facility is described in reference 13, only the features
that are unique to the present experiment will be
discussed.

One of these features is the extremely low leak
rate of about 0.0l gHg/hr. (Ref. .3) which made the task
of setting ané holding the initial pressure in the shock
tube to the desired value for the duration of the run a
relatively simple matter. This was particularly important
for the reflected shock profile studies where the initial
pressure was as low as 30 uHg and where it was desired to
retain thre purity level of the test gas as initially
introduced irto the driven section of the shcck tube.

A seccnd feature is the large diameter of the shock
tube which made possible, for the conditions of the
experiment, the realization of a comparatively good one-
dimensional flow in a small region on the axis of the
shock tube where the experiment was conducted. The primary
factors which alter the one-dimensional nature of the
reflected shock flow, in this region, are the disturbances

created by the boundarv layer behind the incident shack



and thre non-planar surface of the incident shock (shock
curvature). TFigure 2 presents a scale drawing of a portion
of the shock tube at the end wall showing the relative
dimensions of the maximum curvature of the incident shock,
the maxirum thickness of the reflected region. and the
pressure gauge. The‘incident shock shape shown in the
figure was reconstructed from the data of reference 14 for
an initial pressure of 30 Hg where the curvature af the
shock 1s a maximum for the present experiment. The
reflected regicn shown in the figure was drawn for the
condition of maximim reflected shock speed (Ffor the
experiment) to show the maximum thickness attained by the
reflected region at the end of the experiment (5 psec). A
discussion nf the severity of the disturbing influences on
the one-dimensional flow c¢f the experiment is presented in
appendix A.

The shkock Mach number was determined by measuring
the transit time of the shock between two thin film heat
gauges in the side wall of the shcock tube at stations 20
and 70 cm from the end wall. The transit time (ranging
from 200 uasec to 1200 usec for the tests) was recorded on
a Berkeley 7260 microsecond counter. The largest source of
error in determining the Mach number was the uncertainty of
the temperature of the test gas inside the shock tube.

Since the shock tube 1s so massive, its wall temperature



did not always corrcgpond to the room temperaturc. {Also,
on very hot days the driver section was noticeably cooler
to the hand than the test section which was above a bank

of oscilloscopes and in a stream of hot air produced by

the oscilloscopes.} In addition, the free expansion of

the test gas into the high vacuum cordition of the shock tubke
(pz/pl $=lO_3) lowered its temperature considerably and it
1s uncertain how near to thermal equilibrium the test gas
came with the wall of the shock tube in the interval before
the shock tube was fired. IHowever, it is unlikely that the
tést gas differed by as much as 12°¢ from the room tempera~
ture. An estimate for the error intrcduced intc a Mach
number computation, due to ar uncertainty in the tempera-
ture cf the gas, can be obtained from the following

relation:

For an uncertainty in temperature of 12°c, we have

aMm . _ 1 12 _ ..
M T 2 300 2%.

Therefore one should expect the reported test Mach numbers
to be correct to within two per cent.

The initial pressure in the driven secticn of the
shock tube was set by one of two methods. For pressures

below 1 mm Hg the test gas was first introduced into a



10

small vessel which had a volume 103 times smaller than the
volume of the driven section of the shock tube; there the
pressure was measured with a 0 - 50 mm Hg Wallace and
Tiernan absolute pressure manometer afier which the test
gas was dumped into the shock tube. For higher pressures
the test gas was introduced directly into the driven
section of the shock tube and the pressure was monitored by
a 0 - 20 mm Hg Wallace and Tiernan absnlute pressure
manometer. The largest errors in the initial pressures
were probably experienced with the runs at 1 and 5 mm Hg
where the Wallace and Tiernan gaunge required large
corrections to its calibration and where it seemed to
exhibit hysteresis effects. At these two pressures the
errors could be as large as 5 per cent. A McLeod gauge
with a range of zero to one mm Hg (two scales) was used

pericdically to check the results of the above procedures.

2.2 Arrangement of Eguipment

The pressure gaunge was located »n the centerline of
the shock tube to minimize the effect of the shock curva-
ture. A small thin film heat gauge, which was used to
trigger the oscilloscopes, was located one inch forward of
the end wall and on a radius 6" from the pressure gauge
{Fig. 3). The small separation between the end wall and

the trigger gauge was necessitated by the practical need
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for a small delay time (=10 usec), since the data was
primarily reccrded at an oscilloscope sweep speed of

1 wsec/div; a larger delay time would have made it more
difficult to predict the position of the oscillograph
trace, due to uncertainties in the shock speed, for each
run under new conditions.

Figure 4 presents a block diagram of the iriggering
circuit and the pressure gauge circuit used in the
experiment. 1wo Tektronix type 555 dual-beam oscilloscopes
were used tc cbtain oscillograph traces of the pressure
history for each run. All traces were recorded on 3000
speed Polaroid film with a one to one camera; this gave
the largest display of the pressure traces but suifered
from the disadvantage that the grid (and consequently the
trace itselr) was distorted at the edges of the osciliogram.
(The distortion was more troublesome because of the
resultant curved grid lines than because of the small

reduction irn grid size at the edges of the oscillogram.)

2.3 Fressure Gauge

One of the key elements in the completion of the
present investigation was the pressure gauge used to make
the measurements. Here again, since the pressure gauge is
described in some detail in reference 1, only the details

that are either unique to the present experiment or warrant
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repetition will be discussed.

The primary features of the pressure gauge used in
the present set of experimerts are the extremely short
risetime (=~ 0.l pusec) and the absence ¢f an overshoot or
"ringing" in the output signal. However, these features
were obtained only at the expense of naving a finite time
for which the pressure gauge could [aithfully reproduce a
pressure signal. Figure 5a presents, schematically, the
response oI the pressure gauge to an applied »pressure step
ard suvmmarizes the imporlant guantities associated with
the performance of the pressure gauge. The severe
oscillation that sets in limits the useful recordinc time
o the pressure gauge Lo Lthe duration of the initial flat
pcrtion of the response (dwell time).

The dwell time of the pressure gauge is determined
by the diemeler of the pressure sensing surface of the
gauge. Because of shock curvature considerations (see
Fig. 2), this diameter was limited to 1 3/8" which
resulled in a dwell time of 5 usec for the gauge.

Figure 5b shows the response of the gauge to the pressure
step produced by a reflected shock for which the incident
Mach number was Ms = 1.19 and the driven gas was air at a
pressure of one atmosphere. 1In addition to the quoted

risetime and dwell time, the figure shows a slight decay

in the signal of about 2 per cent. This decay s a result
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of the electrical circuit which was used irn conjunction
with the pressure gauge.
Details of the pressure gauge circuit and supporting

equipment are discussed in appeadix B.

2.4 Pressure Gauge Calibration

Although the pressure sensitivity of the basic gauge
is guite reproducible from gauge to gauge, the size of the
capacitor that forms Lhe sensing elemenl 1s generally so
small (& 100 puf) that parasitic capacitance in the gauge
circuit (coaxial cables, etc.) changes the apparent
Sensitivity of the gauge and reguires that a calibration be
made of a particular gauge and gauge circuit combination
for accurate analysis of data.

Figure 6 presents the calibration of the gauge. The
jump in voltage was measured from a number cf traces and
plotted against the theoretical pressure jump for a xknown
incident shock Mach number and initial pressure. The
voltage jumps plotted in figqure 6 are the vcltages appear-
ing across the 1.8 MQgrid resistor R, {without the 3C DB
arpliZication, see appendix B) and normalized tc a common
gauge voltage of 1 kV. The sensitivity of the gauge as
read Zrom the figure is 18.5 pv/mm Hg at 1 kV. Most of
the data points for the calibration seem to fall within a

5 per cent spread. This spread is not unexpected in view
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of the previocusly discussed uncertainty in the determina-
tion of the Mach number and the initial pressure which

would affect the abscissa of the plotted points.

2.5 Test Gases

The effect of a ccld wall on the vpressure history
behind a reflected shock was studied in argon and nitrogen.
Carbon dioxide was used to study the effect of vibrational
relaxation on the pressure history behind a reflected
shock, and all three gascs werc used to study the rcflected
shock profile. The gases used were taken directly from
éommercial cylinders without any attempt at further

purification.
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III. EXPERIMENTAL RESULTS

Although the reflected shock profile data was
collected first during the course of the experimental
investigation and probably accounted for a major portion
of the experimental effort, the large time~scale studies of
the effect of a cclé wall and the effect of wvibrational
relaxation cn the shock reflection process will be con-
sidered first because of their usefulness in setting the

stage for interpreting the profile data.

3.1 Effect of a Cold Wall on the Pressure Historv Behind

a Reflected Shock

3.1.1 Experimental results for argcn and nitrogen.

Figures 7 and 8 present a series of pressure traces for
reflecled shocks in argon and nitrogen showing the effect
on the vressure due to heat transfer to the cold end wall.
Similar runs were made in the two gases for the same
initial pressures. The resultant Mach numbers are not
exactly the same but are close enouch for visual comparison
of the traces between the two gases because the Mach number
dependence, as will be seen, is rather weak. All ct the
traces run from right to left: the upper traces were
recorded at a sweep speed of 1 |sec/div and the lower

traces at 5 usec/div. 'lhe lower trace was used to
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determine whether or not the pressure profile had to be
corrected for a slope in the "zero line" (see Fig. 7b).

For detailed analysis additional oscillograms were obtained
using an oscilluscope sweep speed of 1/2 usec/div. These
were obtained with a second oscilloscope simaltaneously
with the recording of the pressure traces shown in the
Ligures.

A horizontal line was drawn above the upper trace of
several of the oscillograms (the ones for which there was
very little slope in the zero line) to indicate the asymp-
totic limit for the pressure (its determination will be
explained below) and to show more clearly the behavior of
the pressure perturbation due to the heat transfer to the
cold end wall of the shock tube. It is evident from an
inspection of the pressure traces that the pressure
perturbation is a small fraction of the total pressure Zump
and extends over a time scale much greater than the time
scale for the reflected shock profile. Alsc a comparison
0f similar runs for argor and nitrogen shows that the
effect of heat transfer is spread out over a longer time
scale ir argon than for nitrogen, indicating a dependence
on the value of the thermal conductivity and the gas
constant.

It is noteworthy that the initial pressure must be

around 1 mm Hg to observe the major effect of heat transfer
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wilhin 53 psec. This comparatively high pressure (due to
the 5 usec limitatiorn of the pressure gauge)} rules out a
thorough study of the effect of neat transfer in rare gases

in a large shock tube.

3.1.2 Discussion of two perturbation theories for

the heat transfer effect. The problem of the normal

reflection of a plane shock from a plane heat conducting
wall has been treated by Goldsworthy (Ref. 7). Golds-
worthy's solution is the result of a boundary lTayer type of
analysis and is therefore limited to large time. (What is
ﬁeant by large time for the case of the pressure perturba-
ticn onr the end wall will be discussed later withk respect
to the experimental results.) The analysis divides the
region behind the reflected shock into two parts: a
boundary layver near the wall in which heat conduction plays
a dominant role, and a region of inviscid linearized flow
between the reflected shock and the bcundary layer. The
prircipal assumptions made in the analysis zre that the
thermal conductivity of the gas varies lirearly with the
temperature, and the quantities in the inviscid flow and
the jump conditiong on the reflected chock are perturbed
only slightly from the ideal values.

The theoretical pressure perturbation on the end

wall is given by egquation 55 of Goldsworthy's paper and
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can pe written in the following dimensicnless form:

EL - _mM) (1-T/7.) = (1)
D ,
p5 5 ]. ] E
where

= = t/%5

k
T5=ﬁ -..-...._._.E._Z._..._ = Y; Mg
4“ I
CpPs 2 g r Pga g

Tl is the temperature of the end wall, the guantities with
the subscript 5 are the ideal values in region () (for a
thermally insulated wall), and B(M_) is a weak function of
the incident Mach number MS and the gas constant Y . The
function B(Ms) is plotted ir figure 9 for two values of
the gas constant corresponding to argon and nitrogen. {Two
sign errors were found in equation 35 of reference 7 which
were corrected in plotting the function B(MS) in figqure 9.)

The characteristic time T5 has been expressed ir
terms cof viscosity because viscosity data is generally more
readily available for gases at elevated temperature.

The characteristic time T_. can be shown to he

5

roughly equal to the collision time Tc5 in region (§) .

Since the ratio of the mean speed ¢ to the speed of sound

a ’s

(T/a)% = 8y,



19

and since

L = upCh {-;—'<u<%)

then

_ 2
T5/TC5 = 8 /m° P_.

r

For » = 1/2, P = 2/3, and vy = 5/3, we have

_ 2
T /TCS = lO/ﬁT o~

5 1.

Before comparing equation 1 to the experimental
results, it is interesting to consider another problem
which can be considered to be a crude approximation of the
experiment. The problem is the linearized treatment of the
sudden contact between a hot gas and a cold wall. In this
cage one has to assumc that the wall temperature is only

slightly less than the gas temperature, i.e.,

(T, - Tl)/T5 <« 1,

5

and the Prandtl number is equal to 3/4. The solution to
this problem has been given by Clarke (Ref. 15} and
Kubota (Ref. 1G). The pressure perturbation at the wall

can again be written in the following form:

e S N (2)

VT
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where in this case 7

5

The striking agreement between ecuztions 1 and 2 is

is evaluated for P_ = 3/4.

due to the fact that perturbations from the boundary layer
affect the strength of the reflected shock but the reverse
ccupling between the shock and the boundary layer is not
nearly so strong. This is precisely the reason why the
coefficient B(Ms) in eqguation 1 is so nearly equal to one;
this can be verified by tracing the contribution to the
solution from the shock boundary condition in Goldsworthy's

anaiysis.

3.1.3 Comparison of theorv ard experiment.

Although the pressure traces in figures 7 and 8 look as
thouch the perturbation pressure behaves like 1/1”%7 they
are by no means refined enough to test the law directly
since it would require a comparison of small differences.
However, in terms of the dimensionless time T and a suit-
able non-dimensional ordinate, one should be able to
conclude from a plot of the experimental data what is
meant by "large time" for the boundary layer analysis,
what is a representative time scale for the heat transfer
effect on the end wall pressure, the extent to which the
heat transfer depresses the pressure jump across the
reflected shock, and whether or not the characteristic

time T is the proper time scale for different gases,
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pressures, and Mach numbers.

Since a 5 per cent difference in pressure is
certainly small enough to be considered a small perturba-
tion and is still large enough to be observed on an
ogecillogram, the time corresponding to a theoretical
5 per cent perturbation will be used for comparison with
the experimental data and as a measure of a characteristic
time for the heat transfer effcet. The dimensionless time
correspcnding to & 5 per cent perturbation in the pressure
is roughly 400 if one neglects the small correction intro-
duced by the factor B(MS) {1 - Tl/TS} in eguation 1.
Therefore the pressure perturbation, according to theory,
is less than 10 per cent after roughly 100 collisions in
the reflecected region and less than 5 per cent after roughly
400 collisions.

The viscosity data of Amdur and Mason (Ref. 17) was
used to compute the characteristic time Te for both argon
and nitrogen as a function of the incident Mach number.

A far more convenlient expression for plotting can be

chtained from the characteristic time TS as follows:

- _ v b
5 TTPr p a2 nPr P5
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or

P17s nP_ (p./py)

r

{(3)

Figure 10 presents a plot of by Ty versus ircident Mach
numker for the two gases. Equation 1 was then used to
compute the dimensionless time at which a 5 per cent

berturbation wouid occur in the pressure, i.e.,

~ 3 . 2
too, = 4000BM ) {1 - Ty/Tg) 17 .

The physical time at which a 5 per cent perturbation in

the pressure occurs is then

“s% T s sy

or, for plotting purposes,

Plt5% = (PlTS) t5%

The guantity pltﬁ% is presented in figqure 11 as a function
o Mach number for argon and nitrcgen. The figure shows a
difference in t5% of roughly a factcr of four between
argon and nitrogen, for identical ccnditions, which
certainly should be cbservable in the exverimental data.

The location of the theoretical 5 per c¢ent is shown

in each oI the oscillograms of figures 7 and 8 by a small
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triangle. (The tiﬁe origin was arbitrarily placed at the
intersecticn poirnt determined by a lire drawn through the
maximum slope ¢f the reflected shecck profile and the "zero
line".) The reason for the difference between the trace
for argon and the trace for nitrogen at. sav., 1 mm Hg
becomes apparent. For identical conditions the time to the
5 per cent point is some four times greater in argon than
in nitrogen which shows up as an apparent larger pressure
perturbatior in argon. Comparisons between, say, figures
7a and 7c (variation in MS) and between, say, figures 7a
and 8a {(variation in i and v } show that the boundary
layer theory is in gualitative agreement with the experi-
mental results.

There 1is little doubt *hat Goldsworthy's bhoundary
layer theory 1s correct for large times [see Ref. 9) ard
that it should fail to hold near the shock; ©but the range
nf validity can only be decided by experimental data (or
an exact theory if it were available). Therefore, if we
assume the large time behavior is adequately predicted by
equatijon 1, then it ig quite meaningful to plot the
erressure profile data in non-dimensional form to determine
the behavior in the intermediate range. Figure 12 presents
the pressure data from several oscillcgrams in non-dimen-
sional form. The time axis was non-dimensionalized by the

theoretical time t57 and the pressure axis by the ordinate



24

t = t.,. *© z i =
at < 591 Jse of the ordinate at t t5% was necessary

because the traces do not extend far enough to give the

’

pressure jump at "infinity" and is justifiable on the
grounds that we are looking for gross effects. Most of
the data was taken from the argon traces because the
pPressure perturbation inr nitrogen was far too small to
record and plot in the figure without introducing
unacceptable errors. (It should be noted that the data
was taken from oscillograms for which the sweep rate was
1/2 usec/div.)

The conclusions from an inspection of figure 12 are
cuite striking. On a gross scale one can ccnclude that the

scaling with 7_ must be correct since *there are nc severe

5
departures between the different exverimental curves and
from the curve for the boundary layer theory. One would
certainly expect the curves to depart near their respective
shock prcfiles because one could not expect the shcck
profilee to scale with the hcat transfcr time scale T
However, the curves are close enough to conclude that, in
general, the effect cof the heat transfer to the cold wall
depreesscs the pressure jump across a reflected shock to
about 85 to 90 per cent of the value for a thermally
insulated end wall., This is guite significant in trying
to determine the magnitude of the effect of the heat

transfer on the reflected shock profile and the extent of
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the coupling between the two problems. Also, from the
point of view of a pressure jump, the boundary layer theory
gives a surprisingly good value for the pressure perturba-
tion on the end wall for times as short as one or two
"shock thicknessesg". As a final comment it should ke noted
that the boundary layer theory gives an acceptable value
for the dimensionless pressure perturbation on the end wall
for p'/p5 & -10 or for £ » 100 Tes (collision time based

on the reflected region).

3.2 Effect of Vibrational Relaxation cn the Pressure

History Behind a Reflected Shock

Carbon dioxide was primarily chosen as a representa—
tive gas for studying the effect of vibrational relaxation
on the end wall pressure history for the shock reflection
Process because of its relatively low characteristic
vibrational temperatures which cause a significant effect
for moderate Mach nurbers. Also, because of the reflected
shock profile studies conducted with CO2 {repcrted in the
next section), it was found desirable to study the "large
time" behavior of the shock reflection process in C02 in

order to help clarify the picture for the reflected shock

procfile.

3.2.1 Experimental results for CO, - Figure 13

presents some typical pressure traces for the runs in
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COz. Again, the time axis runs from right to left and the
upper trace, in each case, was rccorded at an oescllloscope
sweep speed of 1 psec/div. The indicated Mach numbers are
frozen Mach numbers and are based on a sound speed corre-
sponding to y = 7/5, i.e., a = .280 mm/psec at 300° XK.
(This selection is naturally arbitrary and was chosen
because of simplifications introduced into the computations
for the pressure jumps given below.) Duc to the compara-
tively high initial pressures, the thicknesses of the
reflected shock profiles are less than the resolution time
cf the pressure gauge., cxcept for peossibly the run at

500 pHg, and will be treated here as discontinuities. The
traces in the figures (except for figure 13d) show an
initial "discontinucus" pressure jumg and then a relaxation
to "equilibrium". It seems <quite obvious that the

initial jump rmust be due to frozen conditicns in the gas
but the nature of the equilibrium state has to be
clarified. It should be noted that since the relaxation

phenomena produces such a large effect in CO any

23
"corrections" due to the heat transfer effect considered

in the last section c¢an be ignored for all practical

purposes.
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3.2.2 Pressure junmp calculations. In order to

determine which relaxation processes are taking place and
in what regions of the flow, some computations have to be
made for the purposes of comparison.

An x~t diagram for a reflected shock in a relaxing
gas shows that there are two relaxation regions: ohe
behind the incident shcck, and one behind the reflected
shock. Since the extent of the relaxed region in (&) is
greater than the extent of the relaxed region in ().
because of the lower temperature and pressure, there are
conceivably three combinations of jumps between states.
This is shown schematically ir the following sketch where
F stands for frozen and E stands for egquilibrium. ({2
discussion oI the ghape of the reflected shock trajectcry
in a relaxing gas can be found in reference 11.) If we
assume that the relaxation time in region @) is much longer
than in region (), then we should expect to see three
distinct pressure levels in the end wall pressure history
corresponding tc the jumps F@- F®, FQ- EH , and
E@ - £®& , and in the corresponding order. The proklen
before us is to determine which jumps are observed in the
experimental pressure traces and the nature of the equi-

librium state reached by the gas.
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The equaticns used in computing the above pressure

jumps for the present analysis are summarized in appendix

C. It suffices here to remark that the method is an

iteration method whereby the density jump is guessed first

and the pressure and enthalpy jumps are then computed; the

second approximation to the density jump is then obtained

from a Mollier diagram (this procedure is discussed in

reference 6} .

For the case of vibrational relaxation, the

perfect gas relation with a fixed gas constant remains

valid and the Mollier diagram can be replaceé¢ by a curve
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of enthalpy versus temperature.
Figure 14 presents a plot of non-dimensional
enthalnpy h/RTl versus the temperature ratio T/Tl for

Co (Tl = 300° K). The vibrational contribution to the

2

enthalpy, (h/RTl) was computed from the well-known

vib'

relation obtained from gquantum statistical mechanics

z, 7 |
(h/RT,) .\ =[Z — ¥ (4)
: 4

z, = Gvi/T .
The four characteristic vibrational temperatures avi were
computed from data given by Bethe and Teller (Ref. 18).
The frequencies of the four normal modes of vikration of

the 002 molecule (obtained from spectroscopic data), as

quoted by Bethe and Teller, are

b, = 667, 667, 1336, and 2350 et

{units in waves/ecm). The characteristic Temperatures Bvi

were then computed from the relation

_ |l he _ o.
evi = 1% v, = 1.440 v, ("X),

where h, ¢, and k are the familiar universal constants.

The lcwest characteristic temperature corresponds to the
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temperature ratio T/Tl = 3.20 and the highest corresponds
to the temperature ratio T/‘I‘l = 11.3. It is apparent from
figure 14 that the vibrational energy must be in error at
the larger temperature ratios because of the onset of
anharmonic vibration and the breakdown of the harmonic
oscillator model used to obtair the simple expression

given by equation 4. However, on a first attempt at fixing
ideas on the shock reflection process one can afford to be
somewhat cavalier with finer details. The dissociation

curves drawn in the figure {dashed lines) were interpolated

from the data given by Raymond (Ref. 19) and may be quite
rough since his computed points were spaced for an enthalpy-
temperature diagram extending to a much htigher temperature.
The dissociation curves were drawn tc give an idea of what
the temperature in the reflected region would be if the gas
reached complete thermal equilibrium. Tn the following,
"equilibriun" (E)will mean vibrational equilibrium as given
by the upper solid curve in figure 14 and "frozen" (F) will
mean the enthalpy given by a straight line of slope 7/2
passing through the equilibrium curve at the point T/Tl==l.
Figures 15 through 17 present the results of the
computations for the pressure, temperature, and density
jumps respectively across the incident and reflected shocks
for the various jumps between the two thermodynamic states

of the gas. The gymbol F@ - E ® , for example, means a
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jump from a frozer state in region (@) to an equilibrium

state in regicn ().

3.2.3 Comparisor with experimental results. The

experimental pressure traces were used to measure “wo
pressure jumps (with the aid of the gauye calibration
curve given in figure 6) which are shown plotted in
figure 15; the initial discontinucus pressure jumps are
plotted as circles and the eguilibrium pressure jumps are
plotted as triangles. It should be noted that the equi-
librium point was not reached, within the 5 pusec limitation
of the pressure gauge, for the run al Lhe lowest Mach
number (due to the low temperature) ard for the two highest
Mach number runs (due to the low initial pressure required
oy the shock tube). an inspection of the distribution of
circles indicates that the initial jump is the frozen-
frozen jump as onre would expect. An inspection of the
distribution of triangles indicates that the plateaus in
the pressure traces correspond to vibrational equilibrium
in both region (2) and region ).

One of the striking features of the experiment is
the extreme sensitivity of the reflected pressure to the

conditions in region @) . 1In going from the condition

h

@ - E® to the condition E@)~ (G, the reflected

pressure chances by a factor of two for the Mach number
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M, o= 7; thie is quite significant for determinincg which
processes are taking place in region (2). However, it is
unfortunate in the sense that region () is the region of
lower temperature and is consequently less interesting

than region () .

The present results indicate that all vibrational
modes of the CO moleccule are fully excited in region @)
within the relaxation t:ime determined by the pressure
traces. This is in agreement with the data presented by
Zienkziewicz and co-werkers (Ref. 20) and is in disagreement
with the data of fiqure 6.7 of the article by Griffith in
reference 21 where it is concluded that only the two lowest
vibrational modes are fully excited, within the weasured
relaxation time., for Mach numbers up to M, = 7. This item
could certainly be pursued in more detail with the present
experimental method and would be an interesting problem Ffor
future investigation.

Some further interesting observations can be made
from an inspection of the pressure traces and the curves
of figure 15. If the relaxation time in () were much
longer than the relaxation time in (§), then the theoretical
curves of figure 15 would indicate that the end wall
pressure history should be somewhat as shown in the

follcwing sketch.
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The sketch shows that a relaxation process in (§) depresses
thie pressure and a relaxation process in () raises the
pressure (a2 good diagnostic tool). Since the above
behavicr is not observed in any of the experimental
pressure traces (even for the low Mach number case of
figure 13d), it must be concluded that the relaxation
region behind the incident shock can not be much greater
in extent than that behind the reflected shock. This can
be argued as follows. If we assume that the experimental
trace is, rouchly, a sum of two relaxation processes of
simple exponential character, then the initial slope
depends on the ratio of the two "relaxation" times and the

ratio of the pressure difference as shown below.
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sum

F%

- E(B)

Therefore a positive initial slope indicates that the

following relationship must exist:
T 2/T5 < APz/APl

For M, = 7, figure 15 gives

721 - 354

T /Ts < 415 - 354
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T"2/T5 < 6.3,
Since the initial slopes on the pressure traces are far
from being zerc, the ratio is prokably much closer Lo one
than to six. The above ratioc should only be used in form-
ing a mental picture of +*he flow field and should not be
used for quantitative statements corncerning relaxation
times in the two regions. However, with +this mental
picture one can now investigate the relaxation fime in

region (2) in more detail.

3.2.4 Vibrational relaxation time in 002. The

relaxaticn times indicated by the pressure traces are
therefore primarily a measure of the relaxation time in
region () and shed no light on the relaxaticon time in
region (5). (This may not be true for other gases.) In
order to use the experimental data for quantitative state-
ments on the relaxaticn time behind the incident shock Tos
a relationship has to be found relating the relaxation time
of the pressure traces 7'2 to the actual relaxation time
T,

The appropriate geometrical relationships and the

necessary approximations needed in the calculations of the

ratio T2/ T'2 are presentecd in appendix D. The computec
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ratio -rz/'r'2 is presented in figure 18 as a function of
incident Mach number. Figure 18 shows that the ratic of
the actual relaxation time in region (@) to the relaxaticn
time observed in the oscillograms is on the order of five.
The guantity 7'2 was determined from an oscillograph
trace by assuming the standard l/e type definition, i.e.,
the point where the relaxation part of the trace decayed
to 1/e of its initial wvalue at the shock. (This can not
be taker too seriocusly because some pressure traces, e.g.,
figure 13a, do not regemble an exponential type relaxation
as closely as others; the low Mach number runs in general
look better tharn the hich Mach number runs in this respect.)

The resulting relaxation times T, are presented in figure 19

2
along with the data obtained by Blackman (Ref. 22) using
an interferometer. The present data was plotted using an
elongated "H" symbol to display the full range in tempera-
ture and pressure in region C) between the froczen con-—
ditions immediately behind the shock and the eguilibrium
conditions downstream from the incident shock. Blackman,
however, plots only average values which is a little
misleading.

Some general conclusions which can pe drawn from
figure 19 are as fcllows:

(1) The relaxation times in region (2}, as

determined by the present experiment, are consistent with
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pPrevious measurements reported for C02.

(2) The observed behavior of the pressure traces
can be identified with a relaxation process in region ().

{3) The present experiment giveg a method for
measuring the vibrational relaxation time in region (@) for
higher temperatures and lower pressures than can be
obtained with aﬁ interferometer.

The use of a shock wave for the experimental deter-
mination of the vibrational relaxation time in a gas must,
for purposes of simplicity, be restricted to the Mach
number range (or temperature range in region (:)) for
which the relaxation length behind the shock is at least
ten times the thickness of the shock front. Hence, a
maximum Mach number exists, for each gas, above which it
becomes impractical to use shock waves for the experimental
detcrmination of relaxation time. {(This is due to the fact
that both the shock front thickness and the vibrational
relaxation length scale, to a first approximation,
inversely with pressure.) TFor 002 the maximum Mach number
is Msé= 8 (l/%ff_==.07). Figure 19 shows that the range of
temperatures between the abscissa l/%ff_$=.07 and the data
cbtained by Blackman using an interferometer is covered by
the present experimental method. 2An oscillogram showing

the relative time scales between the part of the trace due

to vibrational relaxation and the part due to the reflected
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shock profile, for Ms near the maximum value for coz, is
presented in one of the figures of +he next section,
figure 224.

For gases possessing lcnger relaxation times, the
corresponding maximum Mach numbers (or temperatures) are
greater. Some rough estimates for 02 and N2 {using extrap-
olated data and ignoring dissociaticn and ionization) are
as follows: Ms::l2 for O2 ard MS::lB for N2. For both
gases the initial pressures would have to be arcund
100 pHg so that the duration of the relaxation process
would be greater *than the risetime of the pressure gauge.
Due to the 5 psec limitation of the pressure gauge, the
initial pressures would have to be rather high for studies
in O, and N, at lower Mach numbers. For M=~ 8 the initial
pressure would have to be around 10 mm Hg for O, and

2

arcund 100 mm Hg for N (Redesign of the pressure gauge

-
could increase the dwell time by a factor of three or four
which would decrease the required initial pressure by the
same factor, see reference 1.) Since the above test
conditions are considerably bevond the performance range

of the GALCIT l7-in.-diameter shock tube, no attempt was

made to investigate vibrational relaxation in O2 and NZ'
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3.3 Reflected Shock Profile

A comprehensive discussion of the experimental
results for the reflected shock prcfile is impeded by the
extreme difficulty of the corresponding theoretical problem
and the resulting scarcity of suitable methods for com—
puting a theoretical reflected shock profile. (This is due
to the fact that the flow is basically nonsteady and can
not be reduced to a steady flow by a transformation of
coordinates, and hence always depends on the two coordinates
x and t.) Nevertheless, some definite general observations
ean be made with regard to the experimental data which it
is felt are cf importance in understarding the physics of
the reflecticon process, in aiding future theoretical
efforts, and in identifying potentially productive arcas

fcr further experimental research.

3.3.1 Experimental resuits for A, N,, and CO, .

Some examples of profiles for reflected shocks are presented
in figures 20 through 22 for argon, nitrogen, and carbon
dioxide. As before, the time axis runs from right to left.
The upper trace was recorded at z sweep speed of 1 pusec/div
and the lower trace at 5 usec/@iv. The noise level in some
of the oscillograme is noticecably hicher than in many of

the above traces because of the greater sensitivities

required for the reflected shock profile studies (due to
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the lower initial pressures and the resulting lower
pressurc jumps). Tt is of interest to nole Lhal a typical
initial pressure in the shock tube must be around 100 WHg
for studies of reflected shock profiles or a microsecond
time scale, whereas the heat transfer studies discussed
above were conducted at an initial pressure of around
1 mm Eg (a factor of ten in the characteristic time scale).
Only examples for comparatively high Mach numbers
are presented in the figures for argon and nitrogen since
a rough idea can be obtained from figures 74 and 8d for
Msa=3. Tor the case of C02 il was necessary to hceld the
incident Mach number as low as possible in order to
minimize the effect of vibrational relaxation. An example
of the effect of vibrational relaxation on the profile
within and immediately behind the shcck front is given in
figure 22d. The Mach numbers given in the figures for the
CO2 data are, again, frozen Mach numbers based on y = 7/5.
A comparison of pressure prcofiles points ou:t the
very interesting result that the shapes of the reflected
shock profiles are roughly the same and independent of Mach
nurber and type of gas used (monatomic or polyatomic).
Also, the overall thickness is very nearly the same for all

three yases for similar ccnditions.
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and CO.. The

3.3.2 Rotaticnal relaxation in N2 P

frozen-frozen pressure jump considered in the last section
far €O, was computed for y = 7/5 (assuming full tyans-
lational and rotational excitaticn) and was found to agree
rather well with the experimental data. However, in
considering the details of the shock profile itself, one
might guestion whether or not a substructure exists where
full rotational excitation of the molecule takes vlace only
after completion of translational excitation. If cne
assumes the translational relaxatior time is much shorter
than the rotaticnal relaxation time, then one would also
expect to gee a profile with two distinct pressure levels
corresponding to Y = 5/3 and vy = 7/5. Here again, one
can compare theoretical pressure jumps for Y = 5/3 and
¥ = 7/5 against the experimental profiles in order to
identify the structure of the reflected shock nrofile.
Figure 23 presents two separate plots. The upper
palr of curvee give the pressure Jjumps })L_.),/]g::r_.L for vy = 5/3
and v = 7/5 as a function of incident Mach number, and
the lower curve gives the ratic of the pressure jump for
¥ = 5/3 to the pressure jump for y = 7/5 (for a fixed

shcck speed), i.e.,
(e —
7/5 U, = const.

=<
H
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The ratio E{ was plotted against the Mach number corres-
ponding to v = 7/5 in order that direct comparisons could
be made with the Mach numbers reported with the experi-
mental data. The ratio is very nearly equal to PY = 0.7
for all wvalucs of incident Mach number. The rcason for
the reducticon in pressure can ke seen as follows. If we
assume an incident shock Mach number (based on vy = 7/5) of
MS = 9, then thec pressure ratio is given by the point
marked A in the figure. If the initial Jjump is due to
translational relaxation only (¥ = 5/3), then,for *he same

shock speed, the appropriate shock Mach number bhecomes

_ _j1/5 -
M (v = 5/3) = 573 LN 7/5)
= ,9166 M (v = 7/5) .

The pressure rvatio is then given by the point marked B on
the curve for ¥ = 5/3 in the figure.

The fractional difference in the two pressure ratios
from an experimertal point of view, is guite large. There-—
fore, if an appreciable lag occurred in the rotational
or CO

relaxation of either N 5+ One could expect a

2
significant departure between the vressure jump across
the reflected shock profile and the theoretical jump for
Yy = 17/5.

The pressure levels cvorresponding to Lhe Lwo Jjumps
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are irndicated on each oscillogram of figures 21 and 22.

The marks were located by using the pressure ratios given
in figure 23 and the gauge calibration. No attempt was
made to compensate for the cold end wall. Therefore the
marks should be about 10 ner cent high in each case.

Since the separation between the two pressure jumps is

much greater than the small uncertainty in the experimental
dara, one can conclude gquite definitely from an inspection
of the N, and CO, profiles that a major portion of the
rotational relaxation must take place within the shock

profile for both gases.

3.3.3 Reflected shock thickness. For a highly

viscous flow such as the rormal reflection of a shock
front, the normal stress experienced by a pressure gauge
does not correspond tc the thermodynamic pressure p but
to the normal component of the stress tenscr PXX, i.e.,

= — T
PXX B+ XX

L]

which for one-~dimensioconal flow reduces to

= -p +T.
Prx P

Therefore the profiles presented in figures 20 through 22
are profiles of PXX rather than profiles of the thermo-
dynamic pressure p. However, con both sides of the

profile the viscous stress T apprcaches zero cuite rapidly
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and the stress tensor PXX and the thermodynamic presstre
o Dbecome equal. Therefore, behind the shock front, the
profile can be compared directly to the thermodynamic
pPressure as was done above.

The present discussion will be restricted to the
usual gross description of shock profiles, i.e., the
reflected shock profile will be described by its maximum
slope thickness and how it wvaries with inhcident Mach
number and gas properties.

A comparison of figures 20a and 20c, where the
initial pressure has been doubled and the incident Mach
number held roughly constant, shows that the reflected
shock thickness is roughly proportional to the mean free
rath length Al in region C). A comparison of figures 7d
and 204, where the initial pressure has been reduced by &
factor of two and the incident Mach number has been
doubled, shows that the reflected shock thickness is,
roughly, inversely proportional to the incident shock
velocity, i.e., the behavior is the same as that observed
by a stationary observer viewing a free running shecck.

Using the above clues, an effective refiected shock

thickness Sr car. be defined by
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where Atr is the maximum slope thickness of the pressure-
time trace as read from the oscillogram, and Ug is the

incident shock velocity. One can then form the dimension-

less ratio

A./ﬁr = ll/Atr U, {5)

which should then be only a function of the inecident Mach
number.

An analytic argument is opresented in appendix E
which shows that not only is the above expression the
proper gquantity for displaying the data for the reflected
shock thickness but also that it is only a function of
incidert Mach numbexr.

The reciprccal thickness ll/iir is being used
because it is usually the guantity considered in the case
of the free running shock (for which case the ratio is nore
convenient for plotting since A/5 —0 for Msﬂrl).

Figure 24 presents a plot of the reciprocal thick-
ness for the reflected shock, as defined by equation 5,
versus the incident Mach number for the experimental data
for argon, nitrogen, and carbon dioxide. The CO2 data
poinl for MSR=8 was plolled to see Lf the Lhickness was

consistent with the shock thickness at the lower Mach
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numbers and not as data to influence heavily a fairing of
a thickness versus Mach number curve. The maximum slope
thicknesses for the C02 data were obtained by using the
portion of the reflected shock proflle Lhal corresponded
to the frozen-frozen pressure jump discussed in the last
section, i.e., the present definition of shock profile is
restricted to translational and rotatlional relaxation only
and the vibrational part is considered as a separate
process. The maximum slope thicknesses for the argon,
nitrogen, and carbon dioxide dala were based directliy on
the recorded profiles and no attempt was made to compen-
sate for the effect of heat transfer to the cold end wall.

In plotting the Gala a consistent definition for
the mean free vath length had to be chosen. The mean free
path length based on viscosity was selected because of the
obvious role the transport parameters assume in the problem
and because of the desire to compare the data for the
reflected shock to the availabie data for the Zree running
shock (for which case the viscosity is used). The mean
free path length in region (@) was computed frcm the

relation

VAT
v 21 pa

=
o

for all three gases using the respective rcom temperature

values for the viscosity, density, and speed of sound.
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Several observations from figure 24 are of funda-
mental interest in the present study. The reciprocal shock
thickness Al/ 6r is, within a factor of 50 per cent, the
same for all three gases and, furthermore, "varies" with
incident Mach number in roughly the same way. Tn addition.
there is no striking difference in the thickness between a
polyatomic gas like CO2 and a monatomic gas like argon.
This result is guite significant for CO2 because it
indicates that from a gas dynamic point of view there is
nothing unusual about the viscous properties of CDz, i.e.,
in comparison to argon.

Since a casual inspection of figure 24 may lead one
to believe that the measured reflected shock thicknesses
are a property of the pressure gange rather than a valid
gas dynamic effect, it should be pointed out that the
experimental data involved variations in Rl of a factor of
four and variations in US of a factor of almost three.

A comparison of the reciprocal thickness for the
nitrogen data tc that for the argon data shows that the
value of the reciprecal thickness for nitrcgen is roughly
21l per cent greater than that for argon. This is particu-
larly interesting since the measurements reported by
Linzer and Hornirg (Ref. 3) on the reciprocal thicknegs of
the density profile for the free running shock in nitrogen

and argon exhibit a reciprocal thickness for nitrogen
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approximately 30 per cent greater than that for argon
{see Tigs. 4 and 5 of Ref. 3).

One could get a rough idea of how important a role
heat transfer plays in the reflection of a shock front
from a ¢old wall if one could answer the following cuestion:
What is the relationship between the thickness of a
reflected shock profile for the case of a heat conducting
wall to the thickness of a reflected shock profile for the
case of a thermally insulated wall?

In order to settle the zbove question in detail, one
would alsc rneed experimenlal resulls Lor Lhe case ol Lhe
thermally insulated wall. Unfortunately this is not
feasible experimertally. Nevertheless, a rough idea can be
oblained by cvoumparing the reciprocal thickness of the
reflected shock profile to the reciprocal shock thickness
of, say, the incident shock pressure profile. If the
reflected shock profile is much thicker than the incident
shock profile, then one can conclude that heat conduction
dominates the reflection process; but if they are roughly
cf the same order, then heat conduction tc the cold end
wall must play conly a minor role in the process.

Although a large amount of work has been done with
the free running shock, it can by no means be considered a
closed question as to which theory gives the best

prediction for the physical vroblem (not to reported
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experimental results.) Nevertheless, it is generally
agreed that if one uses the proper Prandtl number, the
proper exponent in the viscosity law M~Tw , and the
profile for the proper flow variable, then the solution tc
the Navier-Stokes equations gives a +thickness that is with-
in, at most, a factor of two of reported experimental
results for argon. Since we are interested in general
results and since the Navier-Stokes equations give a shock
thickness for all Mach numbers, the Navier-Stokes equations
will be used as a source of information for the incident
shock in argon.

Figure 25 presents the results of some computations
carried out by Chahine (Ref. 23) using the Navier-Stokes
equations and the method proposed by Gilbargand Paolucci
(see Ref. 24). The properties of argon were approximated
by assuming a viscosity law u~TY , a gas constant y = 5/3,
and a Prandtl number Pr = 2/3 for the computations. The
computations were carried out on an IBM 7090 for five
different Mach numbers and three values of the exponent in
the viscosity law. (The computed points are designated
by the symbol X in figure 25.) The shock thicknesses
plctted in figure 25 are based on the maximum slope of
the pressure profile.

FFor argon the value of w varies from arcund 0.82

for low temperatures to around 0.75 for high temperatures.



50

Therefore, acccrding to figure 23, the reciprocal shock

thickness for the incident shock varies from a maximum of

!

about 0.36 at Ms = 4 to about (.30 at Ms = 10 ard Ms 2.5.
Comparing this to the reciprocal thickness for a reflected
shock in argon, figure 24, we find that the reflected
profile is about 46 per cent thicker at MS = 4, and only
about 22 per cent thicker at Ms = B.

Tor incident shock Mach numbers approaching 1, there
is no guestion that the reflection process should reduce to
a simple acoustic reflection and that the reciprccal thick-
ness for the reflected shock should merge with the
reciprocal thickness for the incident shock. However
for the high Mach number range, where effects of heat
transfer should appear, there seems to be no indication
that the reflection process (within the shock front) is
dominated by the heat transfer to the cold end wall. 1In
facl, Lhe relflecled shock Lhickness [our argon is so close
to the thickness for the incident shock that one may wonder
whether or not shock thickness (in general) is a suffi-
cienlly sensilive guanlily for study.

Although no conclusions can be drawn at present,
it is interesting to compare the data for argon and
nitrogen in figure 24 to the data presented in figures 10
and 11 respectively for reference 4. The close similarity

between the results for the twe apparently different
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problems indicates that there is much to be learned con-

cerning the shock reflection process.
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APPENDIX A

DISTURBING INFLUENCES ON THE ONE-DIMENSIONAL
FLOW NEAR THE PRESSURE GAUGE

The disturbing effect on the desired cne-dimensional
flow in the reflected region near the pressure gauge due to
the boundary layer behind the incident shock and the ncn-
plarar shape of the incident shock will be considered in
this appendix.

The boundary layer which forms behind the incident
éhock causes a disturbance in the reflected region dae to
the fact that the reflected shock must propagate into a
non-uniform flow field. The disturbance wnich is thus
created in the reflected region near the wall of the shcck
tube propagates radially inward with a velocity egual tc
the speed of sound in regiocn GD . Since the Mach number of
the reflected shock, based on the sound speed in the
reflected region, is always subsonic ard is bounced by the

limits

where

X = (r*))S(v-1)



then the extent of the region of influence of any
disturbance criginating at the wall of the shock tube can,
at most, ‘be cnly several times the thickness of the
reflected region at any given time. It is evident from
figure 2 ‘that such a disturbance can have no influence

on the flow near the pressure gauge for the duration of
the »resent experiment (5 psec).

The more important consideration is the non-planar
shape of the incident shock wave. Precise details
regarding shock curvature are not entirely clear but some
approximate statements can be made with regard to the
GALCIT l7-in.-diameter low-pressure shock tube which will
suffice here. The amount of curvature ir the incident shock
surface is greater for lower initial oressures (true for
low pressures only). Therefore the largest perturbation
to the one-dimensional Zflow in the reflected region should
occur for the runs at the lowest initial pressures.
Reference 14 reports the results of some experimental
measurements in the GALCIT l7-in.-diameter shock tube on
the amcunt of shock curvature for initial pressures cf 3C,
50, 70, and 100 . Hg in argen. The data for the lowest
pressure shows that the departure from a plane surface fcr
the incident shock amounts to akout 11 mm over the 17 inch
diameter of the shock tube. A rough reconstruction of the

ircident shock shape (from the data of reference 14) is



54
shown in figure 2 for an initial pressure of 30 uHg.

Since the pressure gauge samples a core of gas
1 3/8" in diameter (see figure 2}, a rough measure for
estimating the effect on the reflected shock profile data
can be obtained by comparing the ratic of the shock curva-
ture at the outer edge of the gavge (= (0.02 mm) to the
gauge sampling length in the incident flow (=10 mn if
taken conservatively as the incident shock thickness at an
initial pressure of 30 pHg). This gives a ratic somewhat
less than 0.5 per cent. Therefore one would not expect
the reflected shock profile data (for initial vpressures
éround 30 puHg) to be off by more than, say, one per cent
cue to shock curvature in the GALCIT l17-in.-diameter shcck
tube.

For higher initial pressures (=1 mm Hg) there is
reason to believe that the shape of the shock surface dces
rot continue to become more and more planar with increasing
initial pressure but that a lower limit to the deviation of
about one millimeter exists for the GALCIT l7~in.diameter
shock tube.* Therefore the profile data would be in error
by several per cent due to shock curvature for initial
pressures above 1 mm Hg (below 1 mm Hg skock curvature can

be assumed, like shock thickness, to scale inversely with

*Conclusion drawn from some recent experiments on shock
curvature counducted by R. M. Bowman in the GALCIT l7-in.-
diameter shock tube.



55

pressure). However, this is not the ilimiting element in
the present study because shock profile data for initial
pressures above 500 uHg can not bhe obtained due to the
lower limit on *the resolution time of the pressure gauge
(see Ref. 1).

The error introduced into the heat transfer data or
the relaxation data for CO2 {which were obtained at higher
initial pressures thar for reflected shock profile data)
due to the one millimeter of shock surface deviation would
be a fixed value and of the order cf the risetime of the

pressure gauge.
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APPENDIX B

DETAILS OF THE PRESSURE GAUGE

CIRCUIT AND EQUIPMENT

A schematic drawing of the details of the pressure
gauge circuit is presented in [iyure 26. Since the
pressure gauge contains a capacitive type sensing element,
it is represented by a variable capacitor in the figure.
The important elemenls of the circuit shculd be noted at
this »cint. The grid resistor of the first stage of the
RHS amplifier (RHS Electrcnics model 201, designed by
R. H. Swartley) was replaced by a 1.8 M resistor in order
to minimize the RC decay c¢f the output signal from the
gauge circuit. The coaxial cables denoted by A and B in
the figure were made less than € inches in length in order
to minimize the capacitive loading on the pressure gauge.
This was necessary because any capacitance in parallel with
Lhe gauye capacitor (Cl:= 100 ppf) would reduce the output
from the gauge and it was desired that *he sensitivity of
the gauge be held to as large a value as possible. The
shhort cable lengths were achieved by mounting both the
amplifier and the gauge circuit box C) near the end wall
of the shock tube. (In cases where an amplifier in the
shock tube console was used, tne added coaxial cable

length (®= 9') reduced the sensitivity of the gauge by a
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factor of two.)

During a run a steady DC voltage for the gauge was
obtained from a 1/2 pf (7.5 kV) capacitor C, which was
charged to the desired level by a variable voltage power
supply. A variable output voltage was obtained from a
15 kV power supply (Del Electronics Corp., model 15-1-6)
by wvarying the input voltage tc the power supply. The
gauge voltage was monitored during a run with an electro-
meter voltmeter (Keithley Instruments, model 600A) through
a 1000:2 ratio divider probe (Keithley Instruments, model
61034).

it was found necessary to add the resistor 33 to the
circuit to filter an unacceptably large 60 cycle signal
which was being pickedé up by an unshielded terminal at which
the gauge vcltage was being monitored. The gauge circuit
was discharged through the switch S, after each run for

2

both purposes of safety and as protection to the pressure
gauge.

Since the sensitivity of the gauge is proportional
to the applied voltage (Ref. 1), a maximum voltage is
desirable for measurements of weak pressure signals. The
maximum voltage applied to the particular gauge used to
collect the present data (Lexan polycarbonate plastic rod
with 0.003" electrode separation) was 3.6 kV. Type

RG-62/U ccaxial cable was found quite adeguate for
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handling the 3.6 kV between the various units. (Some tests
with a different gauge were run at 5 kV.) However, special
care was necdced in constructing the cable connections to
eliminate arcing. Figure 27 shows some details of the
pressure gauge housing and an example of a typical connec-
tion used to eliminate arcing.

Experience has shown that for a minimum acceptable
signal to noise ratio the weakest signal that can be dis-
played on an oscillosccpe is about 0.5 mv/div (before
amplification). Using a gauge voltage of 3 kV, the above
gauge sensitivity gives a value of 1C mm Hg/div as a lower
practical limit for displaying a pressure signal.

Some patience has been needed with the present
design of the pressure gauge because, for the more
sensitive settings of the oscilloscope, the "zero output"
from the gauge would fluctuate appreciably during a run.

At first, this was attributed entirely to sporadic

breakdown of the dielectric material in the gauge capacitor
due to the large impressed voltage gradient (=1 kV/mil).
However, later runs using higher driwver pressures (=80 psia
versus 20 psia) amplified the effect, indicating that the
stress waves which are produced by the diaphragm opening pro-
cess and which travel down the shock tube wall anead of the
shock enter (he housing ol the vressure gauge and set up a

pattern of stress waves in the ILexan rcd which show up as
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fluctuations of the "zero position'. This problem
certainly could have been alleviatcd had more attention
been paid in the gauge design to mechanically isolating

the gauge hcusing from *the shock tube end wall.
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APPENDIX C

SUMMARY O JUMP RELATIONS TOR CO2

The following jump relations for the incident and
reflected shocks were used in conjunction with an enthalpy
versus temperature diagram for co, {Fig. 14} to compute the
quantities displayved in fiqures 15 through 17. The jump
relations were obtained from page 388 of reference 6
(re-derived to account for ar arbitrary calcric equation of
state in region (@)).

Incident Shock:

n = ‘/02,?9,
U U, = (/- %

2
Felp = 17 L (1= 1)

2

ha /by = 7 guﬂ//w

Reflected sShock:

5 = //%Uéal

/Yy = (m~1)/(%-m)
o= o B (030

ﬁvf’/f / &Dfﬁ/ 5 -7

he /b = 1 # U:2 (n=1)(5-1/
A_l {(5-n)] n
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Since one can use the perfect gas relation P =/OZRT for Co,

in region (@) , then

2

FPi/pr = RT, = $(YRT) = §a

and

2

U;
f; //.J ; - a?

1
o
S
™

\

y My

Therefore cne carn use ?MSZ for the coefficient in the
pressure Jump relation as long as the values used for ¥
and MS are consistent.

Exoressing the enthalpy as a sum of two parts, we

have for CO, at room temperature

2

hy = ZRT + hy,

or

11
L — |
*
O
NG
0
| S |
X
S
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Therefore

he = BTE a7y = 376

M

and

_ﬁ - ._...?_/___ /112
h, 376 °S s

where again the values used for ¥ and MS must he

consistert.
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APPEXNDIX D
RATIO OF RELAXATION TIMES 7%/?“2

An approximate analysis for computing the ratic ct
relaxation times 7,/7', for a reflected shock in CO, will
be discussed in this appendix.

Figure 28 presents a scale drawing of an x-t diagram

for a reflected shock in CO for the case MS = 5 (based cn

5
¥ = 7/5).and defines the relevant guantities in the flow
field for tre following analysis.

When a particle of gas in region @D is first
intercepted by the incident shock, it moves with the frozen
speed, i.e., value of u2 for ¥ = 7/5. Later in time, when
the particle reaches vibrational ecuilibrium, it moves with
the equilibrium speed which in laboratory ccordinates is
faster. Therefore, the actual trajectory of the particle
of gas must lie between the corresponding trajectories for
the two velocities. This is shown in figure 28. For very
short times the particle trajectory can be avnproximated
with the frozen speed, and for very long times it can be
approximated with the equilibrium speed. However, for a
time equal to the relaxaticn time in region @, a

reasonable approximation is the average between the two

speeds.
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The state cf the gas at the terminal end of the
trajectory in region @ is such that its temperature is
lower, its density is greater, and it is mcving more
rapidly. Each of these factors contribute toc the
strengthening of the reflected shock at that point.
Therefore a pogitive pressure wave is produced at the
shock and propagates back towards the end wall with the
local speed of sound in region (§); the resulting pressure
history on the end wall then gives an approximate measure
for the relaxation time 'Té (see Fig. 28). Since most of
the trajectory for the pressure pulse traveling through the
gas in rcgion C) is nearly in the state determined by the
jump E@) - E® , an acceptable approximation to the

trajectory is a constant speed of sound a*_. ecual to the

5

speed of sound in region (&) for equilibrium conditions.

Tre data of figures 15 through 17 was used to compute a*5

and the velocity behind the incident shock u These

9°
quantities are presented in figure 29 as a function of

incident Mach number. The sound speed a*_. was computed

5
from the relation (and conseguently defined by):

x & d
T (;j?)_w const, E@-E£@
— 4
= S AT
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where

d{h/RT;)
d(T/ 7]

A,

The time the particleof gas spends in region (@ ,
which is designated by '7"2 in figure 28, is detecrmined by
the intersection of the particle trajectory and the
reflected shock trajectcry. The reflected shock speed
UR' for the three different jump conditions, is plotted
in figure 30 as a function of incident Mach number. The
three values for MS = b were used in constructing the x-t
diagram of figure 28. Again, the actual trajectory must
lie between the frozen and equilibrium speeds. Since it
was corcluded that the relaxation time in region (&) is
roughly egual to the time 7"2 {see section 3.2.3), then
for a time roughly egqual to 7”‘2 the position of the
reflected shock can be approximated by the average between
the frozen and equilibrium speeds.

If we define the following dimensionless average

velocities
a?. = (ua/l’g )average
(tqz /.U_'s )aVE?&je

oL = a;f/'Us'

N
b
1

/
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ther the following resulis can be obtained from a simple

geometrical analysis

7 = (14 @) (%)

72 (7:'-1)(a+a)/a .

The above eguations were used to compute the ratio 75/7“;

which is presented as a furc*ion of incident Mach number

in figure 18.
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APPENDIX E

SCALING LAW FOR THE REFLECTED SHOCK PROFILE

The one-dimensional nonsteady motion of a thermally

and calorically perfect gas is defined by the following set

of equations:

2 douw
e T Bx = °

o 2_ -
g);,q + < Lp 24 7] =9
2 [plhtgettp] + 2 [outhtdat)-ur+g] = ©

PR
A:‘C/:T ’

Y
U

If, in addition, the Navier-Stokes approximations are used

— 1 8«
T M ox

H

o7
§ = -% 35

/

where U and & are assumed to be known functions o tempera-
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ture, then the set is complete and in oprinciple could be
solved given proper houndary conditions.

F'cr the shock reflection problem, the problem is
properly posed if one defines the thermal behavior of the
wall (heat conducting or thermally insulated), the initial
conditions in region @ , the incident shock Mach number
M, and the position of the incident shock profile (profile
assumed known from the steady solution).

The flow variables can be non-dimensionalized by the

quantities in region () as follows

3 = e o= h/h

= w/a, F = 7/7;

®

AL

Fo=rir

and the above set of equations then become
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T2
I
M

The x and t derivatives operating on the first three
equations can be made non-dimensional by any length and

time scale (¥ = x/X and T = t/T) provided

X/T = a

However, only cne definition of X will non-dimensionalize
the wviscous term in the momentum equation and the energy

equation, i.e.,
X = /“ﬂ/éﬂlag .
If we introduce the Prandtl number
= nmcC

Pr = P /kh
and define

A = /M»/C}&: y
then the expressicn for the heat conduction term in the

energy eguaticn (which is also non~dimensionalized by X)

simplifies and the set becomes
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Therefore, if @ and Pr are known functions of the dimension-
less temperature ﬁ, the above set of equations will, in
principle, give a specific solution for the flow field for

a given incident Mach number, i.e.,

o~ at

Pxx - ﬂfﬂ;'}-?‘:’ - RX(EJE»’MSJ'

Or. the wall the time history cf the x component of the

dimensionless stress tensor becomes (cf. equation 1):
P - Pnd 2-‘ M )
Ex F:m( L Ms)

Defining the maximum slope thickness in the usual way from

the dimensionless stress tensor, we have
7 = AP (22%9 = (Ms)
A-é XX/ df rax ; 5

Therefore the dimensionliess thickness is a function of
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incident Mach number onrly. In terms of physical time the

thickness becomes:
At = 7‘;(/45) — %g(/"\s) = %ms;(ﬁls),

From the relation

/LL

/

F 08X,

"\

we get
x = g o= RGN = en

1

MAbsorbing the constant intc a new function of Ms, we have

Ay
T G(M, )

I

AT

N /Aty = 1 /6

which is the dimensionless quantity considered in

equation 5.
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FIGURFE 8 EFFECT OF THE THERMAL BOUNDARY LAYER CN THE
PRESSURE HISTORIES =OR REFLECTED SHOCKS iN NITROGEN
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FIGURE 17 DENSITY RATIOS ACROSS INCIDENT AND
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FIGURE 28 SCALE DRAWING OF x-t DIAGRAM FOR

A REFLECTED SHOCK IN COp AND Mg= 5
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