R e
4 ‘,J e
@
ad
o
3 -
P
?33
0
o
< Proceedingsof the

}_4
One
S,
)
1ed
e

'
{
[

R 0N

Fifteeaih International Symposium on
Shock Waves and Shock Tubes
Berkeley, California, July 28-August 2, 1985

Edited by

Stunford Universtiy

I G

L]

. - ® )"
1 T
P
BN




UNCLASSIFTEU

Bt s

STCURITY CLASSFICATION OF YRS PACE

REPORT DOCUMENTATION PAGE

LUED)

REPORTY SECURITY CLASSIAICATION
Unclassificd

ib. RFSYRICHVW”GZ d;é

V2

. SECURITY CLASSIFICATION AUTHORITY

3. DISTRIBUTION/ AVAILABILITY OF HEFORT
Approved for public releasec;

V1]

DECLASSIFICATION / DOWNGRADING SCHEDULE

distribution unlimited.

# 4 FERFORMING ORGANIZATION REPORT NUMBER(S)

3. MONITQRING ORGANIZATION REPORT NUMBER(S)

ARO 22564.1-EC

6b. OFFICE SYMBOL

73. NAME OF MONITORING ORGANIZATION

1 €3 NAME OF PERFORIMING ORGANIZATION ¢ s
. . (If applicable
C r :
tanford University U. S. Army Research Office
| tc. ADDRESS (Gty, State, and ZIP Code) Tb, ADDRESS {City, State, and 2/P Code)
! Stanford, CA 94305 P. 0. Box 12211
i Research Triangle Park, kC 27709-221}
| 83, NAME OF FUNDING / SPONSORING 8b OFFICE SYMBOL ]| 9. SROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (f applicable)
U. 5. Army Research Office DAAG29-85 —(:~0079
8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
P. 0. Box 12211 EL?MENT NO. NO NO. ACCESSION NO
Research Triangle Park, NC 27709-2211
11 TITLE (Include Secr~ty Classification)
Shock Waves and Shock Tubes
12 PERSONAL AUTHOR(S)
dited by Daniel Bershader and Ronald Hanson :
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF PEPORT (Year, Month, Day) NS PAGE COUNT
Final FROM ] _Feh R5T0 11 'an 184 Septenher 1986 QLS

16

17

SUPPLEMMENTARY NOTATION

COSATI CODES

FIELD GROuP SUg-GROUP Shock Waves

The view, opinions and/or findings contained in this report are those

of §hp autha(ég) and shrﬂd not lz‘c copstaugd as an gff_jci'nrlnl!)ai-gﬂrtmvnt of thce Army position,

18. SUBJECT TERMS (Continue on reverse if necessary and dentify by block rumber)

Shock~Hcated Gases, Gases

» Shock Tubes, Hook-Method Spectroscopy,

'S ABSTRACT (Continue on reverse If necessary and identify by block number)

N T P

- The Fiflc-fhlh Procée

} a,)s",’:, [N EL

L

3

these was the Pau! Vieille Memorial L

copy to the Piagnosis of Shock.Heated
into nine categorics. '

of the subject. Of special interest were the presentations by David Russell (USA) and

Koichi Kambe and co-workers (Japan)
vance—ghe nonintrusive destruction of

phenomena in dusty’ gases and other
cluding chemically reactive configura

b
) cﬁngs cunsist of a record number of papers—110, delivered in
- o1+ 32 sessions, dpcluding cight plenary sessions for the invited lecturves. Principal aunon:

Australian National University, titled $The Application of Hook-Merthod Spectron-

waves. Several of the papers reflect the recent and continuing interest in shock wave

ecture preseated by John Sandeman of the

Géses, The cuntributed papers are divided
_ Their titles reflect the broad scope

dealing with an important new medical ad-
Kidney stoncs by underwater focused shock

muitiphase and heterogencous systems., -

R e A It T SR fa -
* . !‘V‘I.)j
’

20 DI TRIBUTION 7 AVALABIITY OF ABSTRACT

Cluncassticounumiteo 0 same As RPT. (I omic usens

21, ABSTAACT SECURITY CLASSIFICATION
Unclassilicd

228 NAME OF RISPONSIBLE INDIVIOUAL

22b TELEPHONE (include Area Code) | 22¢ GFIICE SYMEBOL

DO FORM 1473, sa man

il

Chiles

Best Availcble Copy

§) APR ediion may be used until exhausted
Afl other editions are oisolete

et LCURITY QLATHIECATON OF 1108 PACT
UNCLASSIFIED




Shock Waves
and Shock Tubes

Proceedings of the

Fifteenth International Symposium on
Shock Waves and Shock Tubes

Berkeley, California, July 28-August 2, 1985

Gy ECTE
i;:‘ .:'w} it

00T 1 01935
q /

Edited by
Daniel Bershader and Ronald Hanson
Stanford University

Printed and distributed by
. Stanford University Press « Stanford, California * 1986

T |

This decument has Leen csp;_)voved
{or public xcleu:e‘rmd ~al . ils
distributizn is on!umt.zd.

. a2t
——— S —




/
Executive Committee

Daniel Bershader Ralph Greif
Robert Cheng Ronald Hanson
Robert Dannenberg

International Advisory Board

B. Ahlborn, Canada

T. Akamatsu, Japan
S.Bauer, USA
T.Bazhenova, USSR
R.Dannenberg, USA
F.Demmig, W. Germany
J. Dewey, Canada

L. Dumitrescu, Romania
R. East, England
R.Emrich, USA

W. Fiszdon, Poland

B. Forestier, France

R. Fowler, USA

1. Glass, Canada

W. Griffith, USA

Papers Committee

B. Ahlborn

S. Bauer

R. Dannenberg (Chair)
J. Dewey

D. Eckstrom

R. Bmrich

R. Fowler

Host Organizations

University of California, Berkeley

Stanford University

Sponsors
Calspan Carporation

NASA-Ames Research Center
Physics International Company

TRW Corporation

H. Gronig, W. Germany
R.Hanson, USA
L.Henderson, Australia
A.Hertzberg, USA

H. Hornung, Germany

J. Keefer, USA

A. Lifshitz, Israel

W. Merzkirch, W. Germany
H. Mirels, USA

R. Nicholls, Canada

H. Oertel, Sr., W. Germany
H. Oguchi, Japan

M. Onorato, Italy

S. Penncr, USA

N.Reddy, India

L. Hesselink H. Mirels
R.Hobson R. Nicholls

J. Jones C. Park

J. Keefer D. Russell

J. Kiefer G. Skinner
Y.Kim B. Sturtevant
A.Mark C. Treanor

H. Reichenbach, W. Germany
J.Rom, Israel
D.Russell, USA

P. Savic, Canada
R.Sandeman, Australia
R. Soloukhin, USSR

R. Stalker, Australia

J. Stollery, England

B. Sturtevant, USA

K. Takayama, Japan
H.S.Tan, China

P. Thompson, 1JSA

C. Treanor, USA

Lawrence Berkeley Laboratory

U.S. Army Research Office

4.8, Defense Nuclear Agency
U.S. National Science Foundation

Endorsing Organizations

American Institute of Aeronautics  Deutsche Physikalische Gesellsehalt

and Astionautics Institute of Physics (UK)
American Physical Society Royal Aeronautical Society
Stanford University Press

Stanford, California

© 1986 by the Board of Trustees of the
Letand Stanford Junior University
Printed in the United States of America

CIP data appear at the end of the book




B T T

Preface

Systematic study of shock wave phencmena began after the Second World War. The
history of the subject is intertwined with that of the development and utilization of
the shock tube. In its several forms, that device has proved to be a most versatile and
resilient tool for the investigation of shock-wave-related problems covering a wide
variety of fields both in fundamental science and in applied technology. Hence the
phrase “Shock Tube Symposium” as a title for the earlier biennial meetings. The
expanded breadth of subject areas currently associated with shock wave phenom-
ena now warrants, we feel, the modified title “Shock Waves and Shock Tubes.”

The first of these symposia was a small meeting at M.I.T. in 1957, generated by
Mr. R. Birukoff, a scientist with the U.S. Air Force sponsoring organization. Ten years
later in Freiburg, Germany, the Sixth Symposium took on a fully international
character, owing especially to the earlier planning efforts of Dr. H. Schardin of the
West German government. Subsequent meetings have been held in many parts of the
world. The Sixteenth Symposium will take place in Aachen, West Germany, in 1987,

The International Symposium on Shock Waves and Shock Tubes clearly is the most
important meeting dealing with shock wave physics and related physical, chemi-
cal, and biological science and technology. The world's leading investigators in the
field of shock waves and shock tubes normally attend and present their reports at
these meetings, and the Proceedings of these symposia are a unique archival re-
source. Much of the material is not available in any other journal or compendium.

The Fifteenth Proceedings consist of a record number of papers—-110, delivered in
32 sessions, including cight plenary sessions for the invited lectures. Principal among
these was the Paul Vicille Memorial Lecture presented by John Sandenman of the
Australian National University, titled “The Application of Hook-Method Spectros-
copy to the Diagnosis of Shock-Heated Gases.” The contributed papers are divided
into nine categories as detailed in the Contents. Their titles reflect the broad scope
of the subject. Of special interest were the presentations by David Russell (USA) and
Koichi Kambe and co-workers (Japan) dealing with an important new medical ad-
vance—the nonintrusive destruction of kidney stones by underwater focused shock
waves. Several of the papers reflect the recent and continuing interest in shock wave
phenomena in "dusty” gases and other multiphase and heterogencous systems, in-
cluding chemically reactive configurations. The papers on shocks in condensed
matter reflect the growing participation in these symposia by researchers investi-
gating shocks in solids and liquids. The contents also reveal that the classic areas of
shock interactions and propagation and of experimental methods continue to re-
ceive considerable attention, with the result that new and fruitful concepts ave being
introduced. Shock wave phenomena associated with chemical problems played a
prominent role at this meeting, owing probably, in part, to its juxtaposition with the
Tenth International Colloquium on the Dynamics of Explosions and Reactive Sys-
tems, which took place in Berkeley during the following weck. Finally, we note the
increased application of the methods of computational fluid dynamics to shock wave
problems, as evidenced by several papers.




vi  Preface

The Symposium was regarded as highly successful. Apart from the high techni-
cal quality of the contributions, the success of the meeting was made possible only
by the efforts of many people, to all of whom the Executive Committee is most
grateful. It is a particular pleasure to acknowledge the dedicated help of Teresa
Storm, the Symposium Administrator, as well as the important contributions of Ilse
Gluckstadt Bershader, organizer and leader of the Companions’ Program, and of
Vadim Matte, Michael Mandella, Eileen Javar, Frank Robben, Ray Whittaker, and
Peggy Little, all of whom helped with several phases of the preparation and imple-
mentation. Charles Treanor played a key role in coordinating the preparation of the
Program/Abstract booklet. We are most appreciative, as well, of the generous efforts
of all members of the Papers Committee assembled by Robert Dannenberg.
In addition, thanks are due to several members of the International Advisory
Committee for their constructive suggestions with respect to the program. And we
are grateful to William Carver of Stanford University Press for his expertise in co-
ordinating the publication of this volume.

Finally, the Executive Committee is surely indebted (and we know that the Sym-
posium participants join us in this sentiment) to the organizations that provided the
needed financial support for the Symposium and the publication of these Proceed-
ings: the U.S. Defense Nuclear Agency, the National Science Foundation, the U.S.
Army Research Office, NASA-Ames Research Center, Calspan Corporation, TRW
Corporation, and Physics International Company.

Stanford, California Daniel Bershader
Ronald Hanson
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The Application of Hook-Method Spectroscopy to the
Diagnosis of

Shock-Heated Gases

R.J. Sandeman

Department of Physics and Theoretical Physics
Australian National University, Canberra, Australia.

"The history of the hook method and allied interferometric techniques which
empioy the dispersion of atomic media is described together with an
explanation of the formation of the fringes along the spectrvm and the reason
for their hooked appearance about an absorption ling. The peculiar advantages
of these techniqes, which has proved itself as an important and accurate
method of measuring oscillator strengths, is discussed from the point of view
of vbiaining populations of encrgy states in a gaseous medium. Examples of
its application to the study of shock waves and shock-like produced plasmas
are givea. Other experiments which employ dispersion methods are also
described concluding with possibilities of more novel applications.

Intraduction

Hook-method spectroscopy uses the dispersion behaviour of a medivm close to an absoption
line. It is nct restricted to gases, but the applications discussed here concern gases or vapors for
which the absoption lines are the spectral transitions of the constituents of the medium. The
method arose in 1910 when Roschdestvenski (perhaps accidentally) placed a plane-parallel glass
plate into the reference arm of his interferometer when he was studying the dispersion
surrounding the sodium D-lines and observed that the previously hyperbolic-shaped fringes
tumed into ones which appeared “hook-shaped”. (These fringes ars still hyperbolic but are now
asymptotic to axes which are at an acute angle - rather than orthogonal - to cach other.)
Previously, Wood! and particularly Ladenburg? and co-workers had studied the dispersive
behaviour in sodium vapour and in gases using interferometers coupled with spectrographs
without this important inclusion of the glass plate. They used a technique devised by Pucciantit in
1901 which involved plotting the fringe positions near the tine and was less accurate and more
complicated.

Roschdestvenski's St Petersberg thesis was published in Annallen der Physik in 19129,
Ladeaburg saw the utility of his simple technique and published three papers in succession in
1928 the latter two with Kopfermann, which dealt with anomalous dispersion in discharges in
acon®. In Russia also the method was rapidly adopted for the measurement of oscillator

* At that dme anomaleus dispersion wis used to describe the fact that, on the blue side of an
absorption ling the refractive index is less than one although the dispersion there is stili "normal"
i.c., the refractive index increases with decreasing wavalength (or increasing frequency). The
dispersion is only teuly anomalous (increasing refractive index with increasing wavelength)
instde the half-width points of the absorption profile. Despite this, reference to anomalous
dispersion is still used in gencral to indicate that one is using the behaviour of the refractivity
close o an absorption tine rather then “within® it.
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strengths in particular (e.g. Prokofiev 19246) but also for obtaining information concerning
populations of states in discharges. This work has continued to the present day.

The first application of the method to the diagnostics of shock waves was in 1961 by Dunaev
Tumakaev and Shukhtin’. They used the hook method to measure the population of energy states
before and after shock waves through Hg vapour and from these deduced temperatures assuming
a Boltzmann distribution. In 1965 Tumakaev and Lasovskaya added a framing camera and
obtained time resolved data in the Hg vapour shock tube. In 1975 they also reported the usec of a
dye-laser light source (giving lsecond time resolution) for hook-method determinations of the
populations of the excited states behind shock waves in xenon®,

At the Eighth International Shock tube Symposium in London in 1971, Parkinson® reported on
the work he and his colleagues were conducting using the hook-method to obtain oscillator
strengths for iron and subsequently nickel and chromium in which the shock tube enabled these
elements to be prepared in atom form (with some ions also) through dissociation of their
carbonyls in a heat bath of argon.

In Japan, Fukuda's group at the University of Kyoto adopted the hook method for both oscillator
strength measureme. ..;s and for diagnostic purposes in discharges. They obtained excellent time
vesoln-ion (..-ca § nanosecond) by em(Ploying a nitrogen-laser-pumped dye laser, operating in
broau-vand mode, for the light sourcell.

Techniques allied > the hook method have been considered and of these “spectral-line
interferometry " as proposed by Measures!! of UTIAS is possibly the most important. It is
to-wavelength interferoms*ry ( does not requ.re a spectrograph) with one source wavelength
chose]n outside the region or dispersion due to the spectral line, while the other .s chusen within
its influer-e.

Lately the hook metiiod has been used to obtain the population in a lasing transition in which
there is a population inve.sion'2. Increasingly it is becoming more common as a tcol in
discharges where the other methods of 2niission or absorption spectroscopy ai 2 aot seen as
applicable hecauss ot gmblems associnied with optical depth or with thermodynamic equilibrium.
Marlow?? and Huber!? have both published reviews of the hook method.

Dispersion and amomulous dispersion

In the applicstion of interfere  aetry to gas fiows shock waves atc,, the m2asured Quantity is the
phase shift betweer the recombined tost and reference beams. The p* ase difference is due to the
difference in the retardation of the two beams. wihich for gaserus medie, denends Hnearly oa the
column density of tihe mediam traversed. The absorptior: and reterdatio. of an electro-magnetic
radiution field (the source beam) at a pa~i=ular frequency is modelled by considering the
interection of the oscillating electric ficld of the source with all the natural oscillati. ns
(electric-dipole transitions) in the atoms or me'ecules of the medium. Each transitions ¢ be
represented as a clussical havmonie asciliation, of the transition electron in the local electric fi=}s of
the stom or molecule. After making anproximations restricting the density of the medium, so that
both the extinction coetficient K (non-c imensional form of the absorption coefiicient) and the
wefinctivity n-1 are smal) conipared to unity, then

nete Xy 1o N; £ij A O A/ {arlh- A2 + D).

Here 1, 15 2 constant, ’\ is the wavelengta of the transition and A that of the source radigtion while

¥y is the full width at hdlf maximum of the line profile (here in units of wavelength) and is obtained

ﬁ{)m the dmrTing constant of the oscillatir g electron. The population of the lower level of the
i

transition is N; and f,, is the so calied oscillator strength (f-value) introduced by Ladenburg
y
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(1921)!5 as the number of "dispersion electrons”, as a fraction of the N;, which are effective in the
interaction at the oscillator frequency . The f-value is an atomic Constant which in general must be
measured, although recently there has been some success in calculation using quantum mechanics.

For a wavelength close to particular transition (A-A;; small) then the coniribution of all the other
transitions is virtually a constant background and the’local variation in the refractivity (dispersion)
is due solely to the local oscillation. The behaviour of the extinction coefficient and the refractivity
is shown in figurel.

The region of anamolous dispersion is apparent.

Also shown is the Sellineier approximatior: to the

refractivity, which assumes that the damping

constant is zero (the spectral line has zero width). o
This has a hyperbolic dispersion and it is a good extinction
approximation for wavelengths more than five coetficlent
times the half-width at half maximum of the ab-
sorption line profile. It is this fact - that from the 3

far wingsto reasonably close to line centre, the - unzm 0;' - ’;ine :/ km‘\ 0
refractivity is independent of various broadening [y
mechanisms - which gives refractivity methods

‘/ Selimeier
f

orm of refractivity

of measurement such power and utility. Both relractivity
Doppler broadening and collisional broadening

change the refractivity close to the line However

the above statement is still true fora large range . o _

in the ratio of the Lorentzian to Gaussian widths Figure 1: Dispersion and absorption
and for distances larger than five Doppler half- near a spectral line.

widths.

Both Marlow! and Mcasures!! showed this theoretically, while Blendstrup, Bershadzr and
Landhoff'é measured the resonance refractivity and absorption of sodium vapour and so confir.ed
it experimentally. They also measured vefractivities of the order of 5x10° larger than the value for
air (as an example of normal interferometry) at STP of 2.3x10, before the fringe visibility became
too small. They suggested that enhanced flow visualisation might be achieved by using resonance
refractivity, as with spectral-line interforomatry.

In his paper on this last topic, Measurcs took into account both Doppler and collisional broadening
and derived expressions which can bo used to choose the two wavelengths - one close, the other far
from the line - for twmwavclondgm interferometry. Subtraction of these two interferograms gives
the distrioution of the integrated population (along the ray path) in the lower state of the spectral
line. The pofential of this technique has increased with advances in narcow-band pulsed and c-w
dye losers. Obviously ane needs both high spectral resolution of the two light sources and accuracy
in knowing theit wavelengths with respect to the line centre. Blendstrup et al. 'S poinzed out that in a
situation where the background density is too small to produce a measurable fringe shifi on a
normal inteferogram, a measurable interferogram might be obtained by working with a narrow-
band light source tuned close to a spectral ling, (Preferably the line should arisc from an energy
level near to the ground state of the test gas, but if that i3 not possible then an included species
would have to be used). This is a form of “super interferometry” and it need not be restricted to
interferometry since a Schlieren or shadowgraph system would respond cquaily welt!?,
Interpretation of fringe shifis would require seme care because the population of the lower state
depends on the local temperature as well as the density but for flow visualization alone that may not
matier.

Hook formation

Hook-interferometry couples the interferometer with a stigmatic spectrograh in order to observe the
dispersion behaviour close to spectral tines (figure 2).
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Figure 2: Set up for hook interferometry.

A light source which has a centinuum structure over the observationai bandwidth is therefore
required. "White-light” fringes (near-zero path difference) are focussed to cross the entrance slit of
the ‘s_})ectrogra}gh and consequently appear as nearly horizontal fringes across the spectrum, The
interferometer 1s then adjusted to place a large optical path in the reference beam , commonly with a
glass or fused silica plate or a low dispersion air path; the test beam being unchanged. The fringes
dissapear from the cntrance slit but on the spectrum they appear as slanted fringes whose
wavelength separation depends on the size of this path difference.

A diagram may be constructed to illustrate this!3 (figures 3 and 4).
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Figure 3. Fringe fornuaton Figure 4: Hook formation

The abscissa is wavelength (as on the s&cctmm) and the ordinate, path difference in units of
wavelength. Fringes are single wavelengths apart so they appear on this diagram as straight lines
- from the origin of slape p say, where p is the “order” of particular fringe (its number in order from
the zero fringe - the wavelength axis). White-light fringes crossing the spectrograph slit appear on
this disgram (on the image plane) as a rectangular box crossing the abscissa, as wide as the
bandwidth of the spectrograph @ad as high as the number of fringes on the slit. The introduction of
the opiical ‘g‘:ﬂt in the reference beam moves this box o high order on the diagram. The fringes thus
appear o the spectrum s they do in the box. The box remains rectangular oaly if the optical path is
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free of dispersion, otherwise it follows the dispersion curve. In this case the box has to be
transformed to a rectangle so that the true shape of the fringes may be seen on the image plane of

the spectrograph.

If the test atoms are introduced with their local dispersion (figure 1), the outline of the "box"
follows the shape of the local dispersion curve (the opposite to that in figure 1, becanse an increase
the reference beam path is taken as positive). Note that the slope (p) of some fringes can become
equal to the local slope of the dispersion curve. When this box is transformed to a rectangle (figure
4), these points have zero slope on the spectrum and the fringes form the characteristic "hooked"
appearance. At these points therefore,

p=dm-1)l/dh=x, [Ndi £ (° / {4n(hy - A%},

where the Sellmeier form of the refractivity has been used and [N, dl is the integrated column
population along the ray path through the test medium of length | ané A,, is the wavelength at the
hook positions. If there is background dispersion, as would be introduced by using a glass plate
for the large optical path in the reference beam, and this is X say, then

p= X +d(n-1)i /dA,

or,

p-k= K= 1 [N;dl fy O 7 {4mhy, - 2P},

K is called the “hook constant" although it does vary across the spectrum, however it can usually
be taken to be constant over the line dispersion. The magnitude of K can be obtained simply by
measuring the sep?ration of the fringes well away from the influence of the spectral line. The
required quantity, [N, di fU (abbreviated to Nft ), therefore can be obtained directly from two
measurements;

(1) the wavelength separation of the hooks about the spectral line,

(2) the wavelength separation of the (undisturbed) fringe system away from the spectral ling

and interpolated to the value at the line itself, if necessary.

In principle this is an easy and simple technique. There is control on how far from the line centres
the hooks appear, by choosing the sizs of the optical path placed in the reference beam. Thus in
general, it is possible to ensure that the Sellmeier form fer the refractivity is valid at the hook
positions. An increasc in the Nl product at constant K, pushes the hooks further from the line
centre - proportional to the square root of the changs in NI, This means that the method has a large
dynarnic range - covering soine eight onders of magnitude in NfI. By employing new techniques of
measurcment at small hook widths!8, its lower limit can just overlap the higher sensitivity of
absorption at the line centre and, as already pointed out, it dogs not suffer the problams assoclated
witi;f optical depth or broz&cp;:in . The mg{erhdi;ﬁcnléics arise in the uigstmmct}tation: requiring aa
interferometer, a spectrograph of reasonably high resclving powser with a actor approaching
mm and a “white-light" source of high spectral brightness. pisee 8

Spatial resolution

If one is not concerned with spatial resolution, whick implies that the test atoms have uniform
column density over the field of view of the interferometer, the source may be imaged onto the
spectrograph slit and the fringes of the interferometer localised (focussed) onto the source with an
f-number chosen to ensure that the spectrograph is used to its full resolution, In this way maximum
use is made of the intensity of the light source. Soms five fringes 2long the length of the spectaal
line are sufficient to obtain a good estimate for the hook width. On the other hand if spatial
resolution is required (or necessary) along the lengih of the stit then particular attention needs to be
paid to the design of the optics.

In some interferometers, but particularly in the Mach-Zehnder type, the fringes may be localised to
a plane which may be placed within the test atoms. This is of course necessary in normal

— — .
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interferometry in order to obtain spatial resolution across the field of view. It is possible to do the
same in the case of hook-interferometry by localising the interferometer fringes within the test
atoms as before and imaging the slit of the spectrograph onto the same plane. If the population of
the lower state of the transition varies along the slit, then this will appear as a variation in the width
of the hooks along the spectral line in the image plane of the stigmatic spectrograph (e.g., see
figures 6,9). In this case the number of fringes required across the slit depends on the magnitude of
the population gradient in that direction, and on the resolution.

Because the slit is usually only S0 micron or less wide and say 15 to 20 mm long, while
interferometers operate with closely collimated light beams, the brightness of the light source is
crucial in obtaining good contrast fringes. One often has to restrict the collimated area of the beam
in the interferometer (¢.g. make it slit-like) and perhaps relax the collimation itself to some degree in
order to maintain the resolution of the spectrograph by ensuring that the grating is fully covered.

Experiments

1. Channelled spectra

This is an application of the instrumentation required for hook measurements but uses a low
resolution spectrometer covering a wide bandwidth. It is mentioned here because it is a true
dispersion measurement. In order to obtain electron density distributions behind shock waves it is
common to use two-wavelength interferometry. This is because free electrons have a very different
refractivity to atoms. Not only is it negative, but the dispersion is also anomalous over the visible
spectrum. Two-wavelength interferometry provides effectively two equations to solve for the
population of the free electrons from the background. The idea in using a channelled spectrum is to
do mutilple-wavelength-streak interferometry over a small spatial region confined to the about a mm
or so along the spectrometer slit. The interferometer is set up as for a hook spectrum but with an
infinite fringe system on the slit. The spectrum is now crossed by a vertical fringe system (parallel
to the slit) and one observes the so called channelled spectrum, In the fringe-formation picture the
"box" has zero height (<< one fringe high) so as the optical path increases vertical fringes take the
place of the slanted ones in the previous case.
This fringe system is then swept in time along
the slit axis during the passage of the shock.
Each fringe is shifted by the nommal density
change toward the red, comesponding to an
increase in the optical path inthe test beam
with the larger shiftin the blue region. Free
electrons shift the fringes to the blue with the
larger shift in the red. ore, thure are as
many equations to obtain the electron density
from the nomal dispersion components as
the number of fringes, with an improvement
in accuracy due to statistical averaging. Also
the fringes increase in ordar number by one,
in progression towand the blue ana his extra Figure 5: Channelled spectrum
information is also useful in the analysis.

It is necessary to be careful that spectral lines do not locally perturb the fringe shift because of their
dispersion. The technique has been used in our laboratory to measure electvon densities behind
strong shock waves!® and as far as I know we are the only ones to use channelled spectra for this
purpose, although the method is commonly smployed in othier applications. For example, to
measure dispersion in solid state crystals etc.

2.Temperature distributions along the stagaation streamlinz on a blunt body in shock tunnsl

Sflows.

Our first attcm at using the hook method in shock applications applied it to the stagnation
ine within the shock layer on a cylindrical body in Migh enthalpy flow in nitrogen in the T3
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shock tunnel at ANU?, The spectrometer available at the time had a focal length of 0.5 metre
which restricted the ultimate sensitivity considerably. The spectral region was chosen in order to
observe the resonance and lev lines of atomic chromium which was expected to exist as an
impurity in the test gas, due to the high temperatures which occur in the stainless steel reservoir
after shock reflection. Chromium is useful as an element for hook studies because three resonance
transitions originating at the ground-state lie in the 425nm- 429nm region and seven lines
originating from energy levels close to lev above the ground state lie between 430nm - 439nm.
Consequently almost all of these lines can be photographed in one exposure (figure 9). We were
able to see the ground state chromium density before the shock wave and follow its changes along
the streamline to the body as in figure 6.
;\\ \ "\\\' PRARRY

spactrograph slit flow \ .
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Cr | Resonance line hooks at 425-429nm

Figure 6: Hooked spectrum along stagnation streamline

The lev lines however were only hooked between the shock wave and the body surface. An
excitation temperature was obtained for the chromium lev level by assuming a Boltzmann
distribution between the ground and these levels. The temperature distnbution deduced did in fact
agres with the calculated temperature distribution within the shock layer although the error bars
were rather large. The light source for this work was an exploding copper wire with a pulse time of
some S50usec which was quite adequate for this work.

3. Shock stability

Our laboratory has had a long interest in the problems associated with the stability of shock waves
in real gases using normal interferometry for diagnosis. One difficulty which occurred in the
inerpretation of the interferograms was that at the higher shock speeds we could detect the shock
wave but the sensitivity was too low to observe the mixing froat between the test and driver gases.
It was neccessary to determine whether the observed instabilities in the shock wave were intrinsic
behaviour or arose from disturbances of a nearly coincident mixing froat.

Because we considered that the driver gas would be contaminated with sodium vapour but the
shocked-test gas, by taking normal precautions, should be relatively clean; we decided to attempt
spectral-line streak interferometry close to the Na-D2 line. A cw-ning dys laser of some 15 MHz
bandwidth (1.7x104 ipmvidcd the Jight source and was tuned to 5889.20A ( line centre at
5889.95A) and 5868.36A for the off line case. The wavelengths were measured with a wavemeter
accurate to better than 0.01A. The photographs showed no enhancement at the shock wave itself
(as we had hoped) but some enkancment of the “oscillations” in the fringes some distance from the
shock front (figure 7a, Tb), but were still not conclusive concerning the mixing froat position.

D e e vt s oesn gl D S o

Figure 7a: Source A=5868.36A  Figure 7Tb: A=5889.20A Figure 7c: A=5889.95A

As we tuned closer to the line centre however we noticed that the absorption was beginning to
reduce the fringe coatrast until when we tuned right on line centre they disappeared cotapletely?!
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(figure 7c). In this case therefore, since we were interested only in flow visualisation, absorption
at the line centre was the most sensitive and conculsive.

4. Metastable populations in ionising shocks.

Recently Mishin et al.,22 suggested that the type of instability observed firstly by Glass and
co-workersZ, which begins in the ionisation cascade behind ionising shock waves in argon could
be initiated by a suddzn release of energy into the gas similarly to the behaviour in detonations, The
mechanism they propose for this exothermic reaction is that metastable atoms could be excited to a
high excitation temperature by atom-atom collisions? in the non-equilibrium region behind the
frozen shock and could reach high over-populations. These would be then be converted to highly
excited molecular ions by associative ionisation and subsequently, deactivated by superelastic
collisions thus releasing their energy as kinetic energy. The important link in this chain is the
production of the metastables directly behind the shock.

They, and alsoYushchenkova? separately, supported their arguments with two experiments; one
in a low density argon plasma stream in which shocks could be produced over a body and the other
in shock waves produced by colliding two supersonic streams. However in both cases a high
concentration of metastable atoms was artificially introduced. For normal shocks into argon their
mechanism requires a high population of metastable atoms to be produced before the ionisation
region. This is in contradiction to the model proposed by Oettinger and Bershader 2 for example,
which predicts no significant population of the metastable levels until after the ionisation cascade.

We set out to check this mechanism directly by monitoring the two argon, 1s; and 1s¢, metastable
level populations using the hook-method, in both the stable and unstable cases. The slit was imaged
to lie aloxg the shock tube axis thus providing spatial resolution. Initially when observing the
6965.43 A line (1s, - 2p,, f-value = 0.029), we used a nitrogen laser- pumped dye laser (dye =nile
blue) with a pulse lime of 5 nanoseconds, timed to position the slit at various distances behind the
shock wave. This transition gave a sensitvity of 1.9x10!® metastables cm3 with a 1 metre

13
12x 10 m
8
1:5 Ret
population %
4 $ — aexpdata
* ook f - o 2 T 1
lonjeation diatance behind shock om bshind shock
front

Figure 8a: Spatially resotved hook spectrum of the Figure 8b: Fopuiation of the 1s¢
7635.11 line of argon for an unstable shock M=14.4  metastable level fiom 8a and ref 25.

Subsequently we changed to the 7635.1 1A (1s -2pg, f=0.239) and 7724.2 (Is, - sz, f=0.341)
lines to obtain the improved sensitivity through the higher f-values. In order tg obtzn sufficient
brightness at these higher wavelengths, we employed fluorescence from the dye (DOTC) pumped
by a flash-lamp pumped dye laser (Rhodamine 640) wiih a pulse time of 1 micro-sec. The output of
the Rh 640 covers the absorption band of the DOTC.

The result of our observations (figure 8) is that no metastable population exists in the
non-equilibrium region above our lower limit of 2x10'2 ¢cm™ (no hooks). This is soma 10 times
smaller than that required by the exothermic theory. On the c*her hand we did observe population
of the metastables after the cascade front, to a value which is in very good agreement with the
accepied models®. We will be publishing a full account of this work and the data shoedy.
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5. Temperature distributions behind shock waves in helium argon and nitrogen.

An interest in the use of the hook-method as a means of determining the distribution of
temperatures has prompted a series of experiments using spatial resolution along the slit behind
normal shock waves and within the Mach stem region in pseudo-steady Mach retlection. Time
resolution of 5 nansecond was obtained by using the nitrogen laser to pump a fluorescing dye
source. The dye in this case was stilbene giving an output covering the chromium resonance lines
and those from the lev level. A fluorescing source is preferred over a dye laser source because it
does not exhibit the strong random-spectral structure which can seriously degrade the quality of the
hook photographs. The pulse was timed so that the shock, in both the above cases, would appear
on the slit (figure 9).

B gy

Cr I resonance lines E;=0 Cr I excited state lines E; =lev
| l | o
¥ v
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Figure 9: Hooked spectrum behind a Mach 16 shock wave in N,, taken on a medium
dispersion spectrograph. T, = 5917+ 60 K. T, = 6500 K.

Cr(CO)s was mixed with the test gas in concentrations of up to 0.3%. Even at this level however it
was found that dissociation of the carbonyl and excitation of its products lowered the temperatures
by some 3% below those expected for the equilibrium gas behaviour without the carbonyl. The
temperature was obtained by calculating the population of the ground and lev states from the hook
measurements and assuming a Boltzmann distribution over those states. This was then compared
with the temperature calculated for the real gas with known thermodynamic information conceming
the carbonyl and its products. The measured Cyl excitation temperatures agreed with these
predictions within the error range (£2%) to temperatures up to 6000K. Then they began to be
sytematicaly lower (sec figure 9). At temperatures above 7000-8000 K in argon the carbony! is
photo-dissociated ahead of the shock and ionised behing it, which reduces the offectiveness of the
technique as a Hagnostic. Relaxation ratss are affected also of course.

This success prompied us to attempt to obtain
temperature distributions within Mach stem
regions of pseudo-steady Mach refiection for
near perfect gas conditions. The spectrograph
slit was imaged at four locations from the
wall, three of these between the wall and the
teiple point, the other just cutside. The lght
was the § nanosec nitrogen pumped dye laser
and it was also timed to place the slit correctly
in successive shots. A spectrograph of Sm
focal length improved the resolution over the
nommal shock work above. Figure 10 presents
results which have been read to provide carly
results for this presentation,

The wedge angle is 15 s and the initial
shock Mach numberis 7.7 into argon at a Figure 10: Tempesature distributions
pressure of 40 torr. in pscudo-steady Mach reflection.
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6.Time development of the population distribution of alkaline earth elements following

sudden excitation of the resonance line (a light-shock).

An illustration of the use of spectral-line interferometry is provided by another experiment in which
a laser beam, tuned to the resonance line of atoms in a vapour column, is used to suddenly saturate
that transition ( a form of light shock). This work followed an initial experiment in sodium vapour
in which the pumped-column was rapidly and completely ionised?6. Our interest was to study the
behaviour outside the pumped column. Accordingly we have set up a barium vapour source which
produces a disc of vapour some 6 cm in diameter and 1cm thick (figure 11).

The central 1mm core of the vapour is Resonant fringes
irradiated with a flash-lamp pumped tight pulse on sweep camera
laser, tuned to the S535A resonance
line of the BaI. The cw-ring laser is light source
tuned near to transitions out of the cw- fing
excited states of the atom and ion and laser
is the light source for a Michelson
interferometer. Vertical fringes in the '

vapor, are imaged onto the slit of a ” Michelson interferometer
sweep camera and give spatial resol- adend™ B
ution normal to the pumped column,
A wavemeter of 0.3 GHz accuracy
gives the ring-laser wavelength and

therefore its separation from the line Figure 11: Spectral-line interferometry
centre. The sweep is begun prior to on "light-shocked" Ba atoms.
the firing of the flash-lamp laser.

Figure 12a:  Spectral-line interferogram of the Figure 12b: Contourts of column popula-

6s5d 'D, - 5d6p 'P| 5826.27A line of tion, M4 apart, corresponding to
Bal vapour, ¢-w nng dyc laser 15MHz an JNd! = 8x101® cm?, The pump
bandwidth, detuncd 5.8 GHz from line laser beam is bmm wide at the
centre. ‘poak’ and lasts for 0.5 psec.

The resulting interferogram (figure 12a) is digitised and analysed using a two-disaensional Fourier
transform procedure?” to extract the phase distribution. We then unravel this into radial population
distributions via an Abel inversion process. Figure 12b shows the integrated column popalation
contours before the inversion procedure.

Novel procedures

The high brightness, short puise times, bandwidth control and tunability of modem laser sources
has vpencd up new possibilites in applying spectral-line dispersion and absorption methods to
shock and plasma diagnostics. Their spectral range, restricts the transition wavelengths and thus
the atoms which can be used in such experiments. For example, the important resonance lines of
the gases commonly used in shock tube experiments are still beyond the neach of laser or
pseudo-lascr sources of sufficient power to act either as a light source or an excitation source

e
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(excluding perhaps synchrotron radiation). When such sources become available (I assume that
they will), then direct access to these transitions would enable us to probe the collisional processes,
particularly in non-equilibrium regions.

A better knowledge of the collisional processes involved throughout the relaxation region would
seem to be paramount to our understanding of shock behaviour. One way perhaps of observing
these is to perturb the local population rapidly (e.g. the light shock) and follow the decay of the
perturbation back to the former situation. Lasers can provide sufficient power to saturate a
transition and produce temporarily an infinite excitation temperature between the levels. Monitoring
the flourescence from the upper state can give these decay rates, but we have found this method
unsuccessful using sodium as a tracer, because of insufficient information conceming the initial
sodium population. A dispersion method such as hook- or spectral-line interferometry, which can
measure populations directly, if used in conjunction with flourecense techniques, could be very
useful in this regard. In particular spectral line interferometry, as used in the last experiment above
could map the spatial, as well as the temporal distribution of the disturbed populations beginning
from an initially small pumped region.
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CONDENSED MATTER AT HIGH SHOCK PRESSURES

W. J. Nellis, N. C. Holmes, A. C. Mitchell, H. B. Radousky, and O. Hamilton

Lawrence Livermore National Laboratory
University of California
Livermore, California 94550

Expcrimental techniques are described for shock waves in
liquids: Hugoniot equation-of-state, shock temperature
and emission spectroscopy, electrical conductivity, and
Raman spectroscopy. Experimental data are reviewed and
presented in terms of phenomena that occur at high
densities and temperatures in shocked He, Ar, HNp, CO,
$10p-aerogel, H20, and CgHg. The superconducting
properties of Nb metal shocked to 100 GPa (1 Mbar) and
recovered intact are discussed in terms of prospects for
synthesizing novel, metastable materials. Ultrahigh
pressure data for Cu is reviewed in the range 0.3-6TPa
{3-60 Mbar).

I.  INTROOUCTION

Significant advances in shocked, condensed matter have been made in
recent years through diagnostic development, specimen fabrication, and
theory. The nature of this work is summarized in the proceedirgs of recent
Topical Conferences on Shock Waves in Condensed Matter,l:? General areas of
concentration have been the properties of fiulds and solids at high densities,
temperatures, and strain rates and the nature of materials processed and
recovered from high dynamic pressures. [In this paper the main emphasis will
be on dense fluids at shock pressures up te 100 GPa (1 Mbar), compressions up
to 5-fold over initial liquid density, and shock temperatures up to 10,000K.
At such extreme conditions several phenomena occur including molecylar
repuision, rotation, vibration, and dissociation, electrenic and molecular
jonization, and chemical decomposition and reaction. Examples from the
1iterature will be reviewad and new resulls will be presented to i'lustrate
these phenomera.

The properties of dense molecular flutds at high pressures and
temperatures have three principal applications; the equation of state and
chemistry of high explosives, the nature of the interiors of the outer planets
{Jupiter, Saturn, Uranus, and Neptune), and hydrodynamic applications. The
relation between these areas and shock-compresson studies was discussed
previously.

11. EXPERIRENTS

The experiments are performed using shock waves generated by the impact
of pl=ir projectiles onto planar target specimens. Mhile, thtorically.
strong sheck waves have been generated using high explosives, in recent
years most research has uvtilized impactors launched by light-qas quns. 9
Maximum impact velocities are 2 and 8 km/s for single-stage and two-stage
Tight-gas guns, respectively. A Ta impactor at 2 and B km/s achieves shock
préssures in Al of 30 and 200 6Pa. respectively. Gas guns have several
advantages over explosive shock generators. Shock strength is simply tuneable
by choice of impactor material and velocity, shock-wave profile is simply
tuneable by choice of impactor thickness and design, shock pressures twice as
large as with plane wave explesive systems are available, and facilities are
operated in 3 conventional laboratory setting. The current state of temporal
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and spatial resolution for shock-wave diagnostics means that gun facilities
can now be scaled down substantially without compromising the ability to
perform novel and diverse research with a well characterized and simply
tuneable shock driver.

The experiments discussed here were performed using a two-stage light-gas
gun described previousiy.b-8 The two driving media or stages are gunpowder
reaction products and Ho gas. The gunpowder drives a heavy piston which
compresses the Hy gas. When the Hp pressure reaches ~ 100 MPa (1 kbar)

a rupture valve opens and the compressed gas accelerates a 1ight (v 159g)
projectile to velocities up to 8 km/s along a smooth bore launch tube. Strong
shock waves are generated by impact of projectile onto target positioned about
0.5m beyond the muzzle of the launch tube. Projectile velocity is measured in
free flight between muzzle anc target by a flash radioaraph system. A more
detailed description of two-stage gun operation and shock-wave diagnostics is
available.9

The fundamental measurement is equation of state which determines the
pressure, density, and specific internal energy achieved in shock compression
experiments. These ex~<riments are based on the Rankine-Hugoniot relations
and shock impedance n. .ching.y The measured quantities are impactor
veiocity, shock velacity, and initial density. The Tﬁthod is described
elsewhere for sin_: .- and double-shocked 1iquids.10»'1 Having measured the
equation of state, other properties can be measured to study the nature of the
state; for e mple, shock temperature, electrical conductivity, and Raman
spectra. In these experiments the impactor velocity is also measured and the
state achieved is obtained by shock impedance matching using the previously
determined equations of state. Figures la and 1b illustrate experimental
configurations for single and double~-shock Hugoniot experiments. In the
former, shock velocity is measured in the liquid, and in the Tatter it is
measured in an envil behind the 1iquid.

A shock temperature or emission spectrum measurement in a transparent
Tiguid is il1lustrated in Fig. 1c. Radiaticn emitted from the shock front
exits the unshocked portion of the s?ecimen and is directed to either a
6-channel time-resolved pyrometer!2:13 or to a spectrograph and
1000-channel, time-integrated, gated, linear diode array. For simple
dense fluids 1ike Ar, both molecular dynamics and continuum mechanics
ca1cu1?t1?ns indicate that the shock fron: is about 10 A and < 10-12g
thick.!9,16  Thus, for simple shocked fluids the emission spectra are fit to
graybody or blackbody spectra and the assumption is made that the temperature
so derived is characteristic of equilibrated shockad material emitting 1ight
from behind the shock front through an optically thin shock front. For more
complex fluids, for example those undergoing chemica! reactions, the shock
front can be optically thick, so that the equilibrium temperature is not
observed while noaequilibrium spectral features might be.

A twa-probe electrjsal conductivity experiment for a shocked liquid is
illustrated in Fig. 1d. A current is established in the shunt resistor,
and the time-resolved voltage across the electrodes in parallel with the shunt
resistor is measured as the shock transits the electrodes. The cell
resistance versus known electrical conductivities is calibrated in separate
experiments prior to the shock experiment,

The microscopic nature of shocked fluids can be investigated by pulsed
Raman spectroscopy, which measures the distribution of molecular vibrational
frequencies. The experimental arrangement is {llustrated in Fig. 2. Light
from a 10 ns 0.2J Krf (284 nm) laser pulse is incident normally on a specimen
of shocked 1iquid. Light from spontaneous Raman scattering, 10-10J total,
is viewed at 450 off axis, dJispersed by a spectrograph, and recorded on a
gated, linear diode array.18 The laser 1ight is focussed several mm behind
the shock front and so this technique requires that the shocked specimen
remain transparent.
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In the case of transparent, brittle, solid specimens, 1ike silica
acrogel, the conffguration for an equati?n-of-state experiment in which shock
Velocity is measured is shown in Fig. 3 Because the shock front radiates
strongly in the visible, the stupped rear surface is coated with ~ 1000 &
of Au to absorb thermal radiation until shock breakout at the coated surface.
By temporally streaking the cptical emission from the coated, stapped surface,
the transit time of the shock across the step height can be measured. This
technigue js similar to that used prarxously to measure transit times for
laser-driven shock waves in metals.20 The shock temperature is measured by
using a simple, uncoated spe:zimen disc and sending light emitted from the
shock front to a pyrometer or spectrograph.

Several additional measurements are made in shocked solids, inc: udin?
time-resolved interface velocity measurements by optical interferometry
the generaticn of dynamic p]anar, jsentropic compression waves by
araded-density impactors,é the detection of phase transitions by both the
measurement of longitudinal sound speeds2% and shock tempsra%gres and
fiash Y-ray diffraction from crystals in the shock state.Z6

In addition to the diagnostic developments major advances have resulted
from specimen fabrication. For example, in order to investigate the
high-density regime of molecular fluids, higher-density Yiquid spe-imens were
shocked, rather than gases. In crder to 1iquify most small molecules at
atmospheric pressures, cryogenic tem?eratures are required. Thus, each
specimen holder was a small cryostat!0.28,29 - 3 different one for each
experiment. States of high-temperature matter in expansion relacive to
crystal density have been studied because of the recent availabilit: of
fine-grained, transparent, porous Si02 aerogel having ~ 100 A pore size.

The fine pore size means that the material is uniform and equilibrium will be
achieved much faster than the time scale of the experiments. However, this
material is extremely brittle and requires vacuum holders and diamond cutting
tools to achieve the required micron surface flatness. Oynamic isentropic
compression Is now possible because of the development of impactors with
linear1y varying density (shock impedance) prgduced by careful sedimentation
of metallic powders in an epoxy-1ike matrix.23 These examples illustrate
the importance of special materials and fabrication techniques in this field.

ITi. THERMAL EQUILIBRIUM

Shocked condensed matter is generally in thermal equilibrium during the
measurements owing to the h{gh densities and temperatyres. For exampls
1iquid Ny shocke! to 30 GPa'V has a density of 2 g/cmd (4 x 1022 & 2/em 3
and a shock temperature of  6000K.30 Assuming the mean free path between
collisions is a molecular diameter and that motecular velocity is thermal,
then the intermolecular_collision time is ~ 10-13s. The No molecular
vibration time is IOP‘“S. ;he shock front width or equi?ibration time
in shoc-2d dense Ar s £ 10} A1l these times are much less
than the time resolutions of the diagnostic s;stem whick are ~ 10-9 and
the duration of the experiments which are 10- s. Of course,
phenomena which require longer than the experimental 1ifetime could produce
deviations from thermal equilibrium., At the conditions considered here,
however, exanples of noneguilibrium behavior are difficult to fdentify
unambiguousty and are most likely to occur in chemically reacting systems.

IV. RESULTS

Equation-of-state experiments have been performed in the last few years
for ot small mo!eiu\es ]?cludin te,29 Hy and 0,28 N3,10,31 05,10 4ir,
n-CqHs (polybutene).3

ar,10,32 xq,33
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NH3 17 and H20.17 The maximum pressures and densities, which our

group has acgieved in these shocked 1iquids, are 1isted in Table I. The
corresponding calculated and, in some cases, measured maximum temperatures are
in the range 5,000-30,000 K.

Shock temperature measurements have Reen performed for a number of these
fluids: Hp0,!3 NH3,35 Ar,36 Np,36 CgHg,34 and n-CqHg.34 Temperature is an
important thermodynamic parameter because it provides information about the
distribution of internal energy between thermal and internal degrees of
freedom. In the case of CgHg and possibly n-CqHg the radiating
temperatures from the shock fronts are substantially lower than the
tesperatures calculated theoretically assuming chemical equilibrium. This
difference suggests that the radiating temperatures are not representative gf
shocked matter in thermal and chemical equilibrium behind the shock ;rggt.3

The e;ectricgl conductigity has been measured for shocked Hgo,‘ ’

NH3,38 Np,39 05,39 and CgHg.39 ~ The purpose is to determine the magnitude

and machanisms of electrical conduction and in so doing to possibly obtain
information about the nature of the fluids which cannot be obtained from state
variables. For example, the high conductivity of shocked Hp0 indicates a
significant amognt of Hz0 molecules are chemically fonized above 20 GPa

shock pressure.3/ This proposal mntivated the Raman spectroscopy

measurements described below in order to lock for ionic species like OH- and
H30*. The electrical conductivities of shocked Ny and Op are even

higher than for H20 and electrons are probably the dominant conduction
mechanism,

The_spontaneous Raman spectra of shocked water has been measured from
7-26 GPal8 to try to identify molecular and jonic species from spectral
features, At 26 GPa water is compressed two-fold and heated to 1700 K. The
stimulated Raman scattering from shocked benzene has been measured at 1,2 GPa,
indicating the existence of the molecular state at this shock pressure.40
The emission spectrum of benzene has been measured to 59 GPa to try to
identify chemical species iu or ¢lose to the shock front.

V. DISCUSSION

Intermolecular repulsion is the dominant effect at high densities and
temperatures. The rare gases are the simplest materials to study in this
respect, because the physical properties are determined solely by the
repulsive potential, provided electronic excitation is negligible. The He
Hugontfot data are interpreted only in terms of an effective pair potential,
the calculated shock temperatures as large as 20,000 K being much smatier than
the tonization potential.?

For Ar the upper Yimit of the “cold® range is a single-shock pressure of
36 GPa, a compression of 2-fold over initial liguid density, and a calculated
temperatureof 12,000 K. The patr potential derived from Ar shock-wave data is
in excellent agreement with pair potentials derived from molecular-beam
scattering data, {ndicating that two-bordv interactions dominate in the dense
fluid. The pair poteg‘ial derived from Ar shock-wave data has the
exponential-six form:

or) = ¢ {lg25 ) e (a0l - r/em) - (21 (), M

¢ 2re v is the intermolecular distance. The Ar Hugoniot data are shown in
£13:. 4. Curve D was calculated using only the potential of Eq. (1) and agrees
with the data below 36 GPa. At higher prassures the data fall well below
Curve 0. Agreement with the data is achieved by taking into account
electgonic excitation ana the density dependence uf the electron energy

gap.32 A similar result was obtained for Xe.33 A fundamental conclusion

of the rare gas study is that high shock temperature is a very useful probe of
the elcctronic structure at high deansity and pressure.
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The shock-compression data for non-polar molecules can be calculated
using the potential of Eq. (1) scaled via corresponding states and by taking
into account molecular vibrational and rotational degrees of freedom. The
energy parameter € is scaled on critical temperature and the distance
parameter r* on the cube root of critical volume. The procedure is valid
systematically to ? compression of 2.5 times liquid density for Nz, CO, Xe,
02, CHg, and C0p.4

The Hugoniot data for Viquid Np10,31s42 and €O are shown in Fig. 5.

No and CO are isoelectronic, they have virtually identical critical pgints,
and in these experiments they had the same initial density, 0.81 g/cm3.
Thus, they are expected to have the same Hugoniot curve by the arguments in
the preceding paragraph. The curve through the data up to 15 and 30 GPa for
CO and Np, respective}y, was calculated using a potential scaled from Ar via
corresponding states®! and is in excellent agreement with both the Np and

CO data. This agreement is evidence that N2 and CO retain their molecular
structure up to 30 and 15 GPa, respectively. Deviations from molecular
behavior are interpreted as decomposition in both. In the CO case a large
number of product molecules are probably formed by chemical reaction.
Nitrogen probably undergoes a dissociative phase transition. In fact,
double-shock points for nitrogen starting from 20-25 GPa 1ie above the
principal Hugoniot in pressure-volume space. This is the only known material
in which this has been observed and is evidence that these points are in a
phase transition region. Comparison with theory indicates that the shock
temperature is driving the diatomic to monatomic transition in nitrogen at
Tower pressures than required at room temperature. Above 70 GPa the two
Hugoniot curves merge again and atom density appears to dominate over the
chemical nature.

Hugoniot data for silica aerogel are shown in Fig. 6. This aerogel is
initially 20-fold expanded relative to a-quartz density. Although the
specimens were shock-compressed 6 to 7-fold, the material is still 3-fold
expanded relative to crystal density. In an experiment shocked to 6.7 GPa a
shock temperature of 10,800 K was measured. Thus, these experiments access a
new regime for accurate laboratory measurements on high-temperature
expanded-volume states of glass. This material has severai important
potential uses. It can be a very low shock-impedance equation-of-state
standard. It can be used to gggerate and study few-eV inertially-confined
plasmas, as for shocked gases. Its equation of state may be used to
understand cratering phenomena because $102 is a major geological material.

Water is a complicated fluid in that the H0 molecule is polar and the
intermolecular potential is not spherically symmetric. Intermolecular H-bonds
have a strong influence on the structure of water, especially at low
pressures, ]he electrical co?guctivity of shocked water is guite large, about
20 (ohm~cm)=! from 30-60 GPa, This conductivity has been interpreted in
terms of fonization: 2 Hp0 + OH- + H30*. The high conductivity indicates
that significant, if not total, fonization does occur.

In order to identify the chemical species in shocked water, spontaneous
Raman spectroscopy experiments were performed in the shock pressure range
7.5-26 GPa. Only a broad OH-stretch band 1s observed at all pressures. A
spectruth for 11.7 GPa is shown in Fig. 7. No definite indications of OH~ or
H30* ions are observed based on the positions of their vibrational bands
at ambient. The position of the QW-stretch hand is virtually independent of
shock pressur2 and the shape of the OH-stretch band changes in such a way as
to indicate the destruction of intevmolecular H-bonds, as would be expected.
These bonds have a characteristic energy of » 1000 K and the shock
temperature is about 1,700 K at 26 GPa. The analysis seems to {ndicate that
the H20 molecule remains the ¢ -minant scattering conponent with increasing
pressure. The H30% fon is no' cbserved because its presence is associated
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with hydrogen-bonded Hp0 complexes which are destroyed at these conditions.
Absence of H30* means that OH- and H* are most probably the conduction
mechanism in strongly shocked water. Evidently, the hydroxyl ion cannot be
distinguished from Ho0 at high shock pressures.

Chemical decomposition and reaction occurs in shocked hydrocarbons.
Benzene, for example, has the diizinct volume collapse of a phase transition
in its Hugoniot curve at 12 GPa. Optical absorption experiments show that
benzene retains its molecular nature up to 13 GPa.4% The volume co153pie at
13 GPa has been interpreted by the formation of dense carbon phases.> % 6
The emission spectra from shock fronts in benzene have been measured in the
range 22-59 GPa.l4 A spectrum at 50 GPa is shown in Fig. 8. The spectrum
has a broad graybody thermal component with nonequilibrium features
superimposed. Features in the spectral range are coincident with the Swann
bands for the C2 molecule and provide the first spectral evidence for the
formation of carbon phases in shocked hydrocarbons.

High dynamic pressure is also used to synthesize new materials. For
example, stoichiometric Nb3Si with a high superconducting transition
temperature To = 18 K has only been synthesized by processing 9
nonsuperconducting phase at 100 GPa (1 Mbar) shock pressures.4 In order to
develop the experimental and computational techniques to process materials at
100 GPa shock pressures and recover them for investigations of material
structure and physical properties, Nb metal was recently recovered intact fron
peak dynamic pressures in the range 6§0-120 GPa.48 Pressure and
effective-plastic-strain histories were calculated using a finite element
hydrodynamic computer code. Recovered specimens were characterized by X-ray
diffraction, metaliography, Vicker's hardness, and Tc. The maximum change
observed in a To of 9.18 K for the unshocked specimen was 0.035 K in the
specimen shocked to a maximum pressure of 0.6 Mbar. Shock processing VQSi
at 100 GPa depresses its T by 1.8 K from the initial value of 16.4 K.

These results indicate that shock-induced defects and disorder have a
relatively weak effect on the T, of equilibrium phases and suggest that
shock-synthesized metastable superconductors might have T¢'s close to
intrinsic values for the ordered material,

Finally, shock-impedance-match experiments have been performed at
ultrahigh pressures using two-stage guns to accelerate impactors to 8 km/s,
chemical explosives to drive impactors to 15 km/s, and strong shock waves
generated in proximity to underground nuclear explosions.50-36 At yltrahigh
pressures nuclear-explosive-driven experiments are the only ones that provide
the required accuracy because of the long shock transit times and steady
profile of the shock wave. The Hugoniot data for Cu is summarized in Fig. 9,
which is a plot of shock velocity versus mass velocity. The data in this
figure span the shock pressure range 0.3-6 TPa (3-60 Mbar). At lower
pressures the data fit a 1inear shock velocity-mass velocity relation, shown
as the solid Yine, which extends up to 1.5 TPa. At higher pressures the data
deviates systemmatically below the extrapoiation of the linear fit, which is
probably indicative of a transition to Thomas-Fermi behavior at pressures
above 10 TPa. The smooth nature of the data are striking considering the
variety of technigues that were employed over the v 25 years {n which this
data was accumulated.
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Table 1. Summary of shock-compression experiments for fluids. Ty is
initial temperature, pp is initial density, pmax is maximum density,
and Ppax is maximum shock pressure.

Liquid T Po Pmax P, a
() (g/cm3) (gFem3) (GPa)a
Helium 4 0.12 0.68 56
Deuterium 20 0.17 0.96 76
Hydrogen 20 0.07 0.23 10
Nitrogen 77 0.81 2.8 82
Oxygen 77 1.2 3.3 86
Carbon Monoxide 77 0.81 3.0 69
Methane 1M 0.42 1.6 92
Benzene 295 0.89 2.4 70
Polybutene 295 0.89 2.7 210
Argon 87 1.4 3.8 9
Xenon 165 3.0 9.6 130
Ammonia 230 0.69 1.8 64
Water 295 1.0 3.5 220
a7 GPa = IO kbar.
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A REVIEW OF SHOCK WAVES AROUND AEROASSISTED ORBITAL

TRANSFER VEHICLES

Chul Park

NASA Ames Research Center
Moffett Field, California

Aeroassisted orbital transfer vehicles (ACTVs) are a
proposed type of reusable spacecraft that would be used
to transport cargoes from one Earth-bound orbit to
arather. Such vehicles could be based on the proposed
Space Statlon and used to transport commercial satel-
lites from the Space Station to geostationary orbits or
to polar orbits and return. During a mission, AQOTVs
would fly through Earth's atmosphere, thus generating
aerodynamic forces that could be used for decelerating
the vehicles or changing their direction. This review
of published AOTV research findings was concerned with
the shock-wave-induced, high-temperature airflows that
would be produced around these vehicles during atmo-
spheric flight. In the survey, special emphasis was
placed on the problems of (1) the chemical physics of
multitemperature, ionizing, nonequilibrium air flows,
and (2) the dynamics of the flows in the base region of
a blunt body with complex afterbody geometry.

INTRODUCTION

Starting about 1970, near-Earth space became a realm not only for scien-
tific exploration but also for commercial enterprises. Aartificial satellltes
are used not only for telecommunications, but also, for example, in making
weather and orop forecasts; deteoting crop-destroying inseots and diseases;
finding new Earth resources, such as natural gas or oll; detecting shipwrecks
and forest fires; and space manufacturing. These satellites are (n various
ortita, ranging from a low-Earth-orbit (LEQ) a few hundred kilometers to a
geosynchronous-Earth-orbit (GEO) 35,000 km above the ground, Delivering satel-
lites from the ground to these various orbits became a profitable commercial
activity, and, in some instances, it has been shown that retrieving defunct
satellites could also be done profitably.

Var{ous nations have developed different rocket vehicles for the purpose
of carrying such satellite cargoes. Two best known such vehicles are the U.S.
Space Shuttle and Ariane of European Space Agency.' The Space Shuttle and
Ariane are expected to deliver (respectively, with the antlcipated upgrading),
about 30,000-kg and U4,500-kg payloads to LEQs.
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To transfer such payloads to different orbits, additional propulsion
13 necessary. The payload that can be delivered to a GEQ will be determined
principally by the specific impulse of the rocket engine of the upper stage
vehicle. For purposes of this review, a specific impulse of 350 sec, or
equivalently, an enhaust veloeity V, of 3430 m/sec, will be assumed. In
the interest of simplicity, equatoriil launches will be assumed also.

To transfer from a LEQ to a GEO, one must fnllow an elliptic orbit with
perigee and apogee coinciding with the LEQ and GEQ, as shown in figure 1.
In order to transfer from the circular orbit at LEQ to the the elliptic
transfer orbit, a velocity increment AV (=Vp - Vy) of 2,573.9 m/sec is neces-
sary. After reaching the GEO, there must be another velocity increment 4V
of 1,U89.0 m/sec in order to stay in the circular orbit. The well-known rocket
equation relates the velocity increment AV to the required mass of fuel.
For the case under consideration, the mass ratios beacome

For perigee burn : ai/nf = 2,118 (1)
For apogee burn : Ni/HF = 1,514 {2)
The mass ratio product = 2.118 x 1,544 = 3.270 (3)

where ¥; is the initial mass, which includes the mass of the expended fuel,
and My is the final mass.

At present, the upper stage vehicles used for this purpose are expendable
(see fig. 1(a)). This is becoming expensive because of (1) the cost of manu-
facturing and testing, and (2) relatively high insurance premiums bacause of
low reliability. By making the upper-stage vehicle reusable, one could elimi-
nate both these problems and achieve a cornsiderable commercial advantage. Such
a conceptual vehicle, operating solely on rocket engines for producing aV's,
as depicted in figure 1(b), is referred to as orblital transfer vehicle (QTV).°
The OTVs suffer from one serlous handicap, howaver. After delivering the pay-
load to the GEO, the QTV must now expend the mass ratio of 3.27Q, in order to
desuend to the LEO., This mass ratio requirement greatly feduces the true pay-

load capacity of the OTV,

The idea of aercassisted ordital transfer vehlele (AQTV) was Initiated to
alleviate this difficuity*u's An AOTV would be eguippud with an aerodynamic
surface that would produce derag {and some Li{t, if possidle) and withstand
whatever heat to which 1t would be exposed. Un return fres the GEO, the AOTV
would dive into Earth's atmosphere and skip ou’ of it as shown schematically in
figure 1(c). In doing so, the vehicle would Be decelerated by drag, an opera-
tion referred to as aeprobraking. A small course adjustment wculd be necesrary
after the vehlcle skipped out of the atmosphere, but it could be accomplished
by :3ing only a very small amount of fuel. By this operation, the mass ratio
required for the returs trip is reduced from 3.27 to about 1.55, an advantage
of a factor greater than 2. We can call this claas of ROTV low-1ift ADIVs or

aerobraking A0TVa,
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An OTV and AOTV have three different applications: (1) delivery of
payloads from LEQ to GEQO, (2) retrieval of payloads from GEO to LEO, and
(3) excursions to CEO in which no transfer of payload takes place. By
adding and multiplying the numbers given in equations (1) to (3), one obtains
the payload capacitiaes for these three functions, as shown in table 1. As
shown in the table, an AOTV can improve the payload capacity considerably over
that of an OTV  The maximum mass of the AOTV at the time of atmospheric entry
is of the order of 10,000 kg. Detailed calculations of this type have been
carried out b¥ various authors in recent years and are available in the open
literature.

Another reason for proposing an AOTV is for changing orbital inclina-
tion angle with respect to the equator. "5 For instance, for a satellite
in an equatoriai orbit at the altitude of 150 km with a circular velocity
of 7,768 m/sec to change to a polar orbit, the required &V is
1.0142 « 7,768 = 10,986 m/sec. If this 4V is achieved entirely by burning
rccket fuel, the required wmass ratio is 22.60. If the vehicle is to return
from the polar orbit back to the equatorial orbit, the required mass ratio is
22.60 = 22.80 = 605.4. Such a large mass ratio requirement could be reduced if
the vehicle could utilize aerodynamic lift. Assuming that the vehicle had an
aerodynamic iifting surface, it could dive into the atmesphere with an expendl-
ture of a small amount of fuel. The vehicle would fly in a highly banked atti-
tude so as to prpduce a large sidewise force. This opsration is referred to &as
aeromanauvering.’ For this type of vehicle, a large L/D is preferred, and it
can be designated a high-lift AQTV, or un aeromanauvering ROTV.

Unlike the acrobraking AQTV, the benefits of an aeromaneuvering AOTV are
not easy to predict for missions lnvolving large orbital-plang<angle changes
bgcause there are too many arbilrary parameters that affect the 1E\gload calou-
lation (litelm suoh information appears in the open literature). Henee,
no attespt «ill be made hare o assess the benef.ts of the high«1ift AQTV for
this kind of applicaticon. Since there 1S no reason for tha AQTVs to land on
the ground, the most econonlo way of 9perating then would ba to base them in
space«~on Lthe proposed Space Station'' or on some similae space struQture,

FLIGHT REGIMES

Oie of the most critical components of the AOTV i3 the zerodynamie surface
{the aerobrake for the low-1ift 20TV or the lifting surface for the high-1ift
40TV). The aercdynssic swiface =ill be subjeet to heat tranzfer frow the hot
shook layor flow ground it. Such a surface sust not only withstand the heat
bit be chemically unaffected by atomic oxygen that exists in the 3ho¢k-§aye§
flow. Presantly, such saterials are uszed on the Space Shuttle Orciter.’'* s
These materlals 2an withstand heat-transter rates of the order of 200 kW/m“.
for this review, therefore, it will be assumed tha® the tolerable ueat-transfer
rate i3 200 kW/e?,

In order to roughly define the regitme of £'ight of the AOTVs, w2 will
assume the AOTV to be a sphere. Egquations of swotior of such a body zre well
known. "7 We will assuse that the AGTV is returning from the GEQ, and trat {ts
ma8s is 10,000 kg, a typical maximum value seen in table V. After the vahicle
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skips out of the atmosphere, we will assume that its new apogee will be 200 km
above the ground, As a trial value, we will assume the radius of the sphere to
be 10 m. The convective heat-transfer rate to the stagnation point of such a
vehicle can be calculated easily using an existing technique. Figure 2

shows the results of the calculation, As seen here, this vehicle approximately
satisfies the maximum allowed heat-transfer limit <f 200 kW/mQ. Its perigee is
approximately 80 km. For an A0TV, there exists an implicit relationship
between the flight density and the nose radius imposed by the fact that the
velocity decrement through the aerobraking flight be the desired value.'® This
leads to

q, = const x y3:155-1.5

This shows that the convective heat-transser rate is relatively sensitive to
the choice of nose radius. Conversely, the flight density is also sensitively
affected by the nose radius. The flight regimes are, therefore, fairly nar-
rowly defined. The flight regimes are shown in table 2 at the perigee for an
aerobraking AOTV with zero lift. More detailed analyses of the trajectories
and the assoclated flight regime parameters have been performed analytically.

CHEMICAL KINETICS AND RADIATIVE HEAT-TRANSFER RATES

The shock standoff distance for a sphere is a function of the density
ratio acrose the normal shool: wave, or, equivalently, a function of the effec-
tive specific heat ratio (see, e.g., ref. 20) which is determined by the chemi-
cal state in the shock layer. Because an AQOTV flies through a low density
regime, the flow in the shock layer is most likely in the state of chemical
relaxation. There is one well-known standardized computer program that com-
putas chemical reactions for a one-dimensional inviseid fluw.“' Unfortunately,
such existing programs assume that all internal modes of energy {rocation,
vibration, electronic excitation, and electron translational) are in equi-
librium with the translational mode of the heavy particles. It 1s well known
that rotational temperature equilibrates with translational temperature very
quickly. Vibrational excitation is somewhat slower, but in the envirohments
ennountered in past space missions, it was usually faster than the rates of
dissociation. For the AOTV, however, the translational ta.perature behind
the shock is over 40,000 K. Here, vibrational ralaration and dissoclation are
likely to proceed simultanecusly.

IL, is known also that electron k&netio temperature inveracts strongly with
the vibrational modes of a molecule. The equilibration betwaen the electron
transiational temperature and heavy-particle translatécnal temperature is slow
because of the large wass disparity between them, 3 X This causes the eleo-
tron translational temperature to deviate from the heavy-particle transia-
tional temperature. Recent studies show that the low alectronic states of
atoms and molecules are easi{ly excited tu their Boltzmann values on impact by
electrons.2? As a resul%, for the purpose of approximately determining tha
total energy contents in the eleotronic excitation mode, une may assume the
electronic exoitatlion temperature to be the same as theé electron tranglational
temperature.

AP Myt
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For these reasons, the chemical reactions in the shock layer over an
aerobraked AOTV requires, in general, the recognition of three different
temperatures: heavy-particle translational and rotational, vibrational, and
electronic excitation and electron translational.2 If the flow conditions
were such that the interaction between the electron translational energy and
vibrational excitation is allowed to proceed frequently, then one could further
assume that the vibrational temperature and the electron-electronic temperature
are the same, leading to a two-temperature situation.27-

To compute the reacting flows under this two- or three-temperature envi-
ronment, reaction rate coefficients must be expressed in terms of these differ-
ent temperatures. At present, very little is known of this multitemperature
descripticn of rate coefficients, although work is in progress in an effort to

understand the phenomena.

This problem can be approached from a purely experimental viewpoint.
Unfortunately, however, even the experimental data are contradicting and
confusing, Beginning in the late 1950s aud continuing until ahout 1970,
shock tubes were operated to observe the flow behavior behind strong shock
waves.3's Shock velocities in excess of 10 km/sec have been generated in
such facilities. The free-stream densities in such tests were, however, typi-
cally 5 to 10 times higher than those given in table 2. In all such tests, it
was found that the iadiation intensity was zero at the shock wave, rosa to a
peak, and decayed and approached a plateau. The distance to the peak, the
distance to the equilibration point, and the peak intensity value have been
measured over a Wide range of conditions,

The peak intensity was seen to be between about 2 and 15 times stranger
than the plateau values, depending on the wavelength. This phenomenon became
known as nonequilibrium overshoot, or nonejuilibrium enhancement, of radia-
tion. These ?uantihies wera found to approximately obey the so-called binary
scaling 1aw. 31132 nat i, the distances were inversely proportional to the
gas density, and the intensity was proportional to density. As a result, the
radfation integrated over the distance became approximately independent of the

flow density.

Until recently, there has not been any serious effort to quantitatively
explain the obssrved data., Most recently, an effort was made to understand the
obsaerved phencmena, using the best availlable computing techniques, To do so,
towaver, the {orm of dependence of various reaction rates on vibrational and
alectron-eleotronlie temperatures had to be assumed.a The results of such
caleulations are giveu in reference 28, Reference 28 shows that we are not yet
able to guantitatively &xplain the observed nonequilibrium radiation enhance-

mant phenomenon.,

In addition to the shock-tube experiments, flight experimants were con-
ducted in the early years to investigate the chemical kinetio behavior in the
shook layer over a reentiy vehicle. Those flight-test projects are named Fire
(refs. 33,34), Apollo (ref. 35), PAET (Planetary Atmospheric Experiment Test)
(ref. 36), and RAM (Aadio Attenuation Measurement)-C (rcfs. 37-41), In both
the Fire and Apollo experiments, the total radiation power incident on the

- ————
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stagnation region was measured, using several different instruments. In the
PAET experiment, a multiple of narrowband monochromators were installed to
measure the radiation incident on the stagnation region. In RAM-C test, micro-
wave experiments (attenuation, reflection, and phase shift) were conducted to
determine the behavior of electrons in the shock layer.

However, the results of these flight tests did not lead to any definite
explanation or conclusion. In the case of Fire and Apollo, the radiative
heat-transfer rates measured near an altitude of 80 km were much lower than
those deduced from the shock-tube experiments. This observed phenomenon
prompted a hypothesis known as "ocllision—limiting,"33'35 that is, that there
are not enough collisions to maintain the population of the highly excited
states at low densities, This explanation was accepted in the days of Apollo
and was used in the design of Apollc missions. In retrospect, however, this
“collision-limiting" theory is flawed. The concept is based on the assumption
that the excitaticn of atoms and molecules occurred mostly through collisions
of atoms and molecules. In recent years, it became known that electrons are
many orders of magnitude more efficient in electronically and vibraticnally
exciting atoms and molecules.?? Using the available data on electron-impact
excitation rates, one finds that the collision-limiting phenomenon occurs at
altitudes of about 100 km (see ref. 25), instead of 80 km.

An alternative explanation of the observed low radiation intensity in Fire
and Apollo is the effect of boundary-layer growth, which is known as the "trun-
cation" hypothesis. ! According to this hypothesis, the profile of electron
temperature may develop a thick, cool boundary layer near the wall owing to the
high thermal conductivity of the electron gas. The electron temperature bound-
ary layer may have grown so thick that it may extend almost to the shook wave,
thergby preventing the ococcurrence of nonequilibrium overshoot in electron and
vibrational temperatures. That ls, the rise in radiation intensity is "trun-
cated" by the cool, electron boundary layer.

The PAET experimant36 confirmed that the observed radiation at a
selected wavelength (390 nm) was higher than the equilibrium value. Unfor-
tunately, however, the experiment did not measure the global (integrated
over the entire wavelength range) radiation. Also, the flight speed was
considerably lower than that of AOTV. Analysis is in progress to explain
quantitatively the values obtained {n the PAET test, and has met with partial
SuQoess.

The rgsulcs of the RAM-C test have baen analyzed by several investi-
gatora.37‘ V' Each investigator was able to explain a portion of the data
produced. However, there 18 no unifying analysis that explains all asprots
of the data.

These unvertainties about chemical kinetics have a serious implication for
the design of an aerobraked AOTV, Presently, the radiative heat-transfer rate
Q. 1is uncertain to within the range

40 s q, s 400 W/m?
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A computer program named HF730 was written in 1969 that allows differences
among translational, rotational, vibrational, and electron temperatures.
However, this program assumed a Boltzmann distribution of internal states at
these given temperatures. In the nonequilibrium flow under consideration, the
internal state populations are governed not by the Boltzmann relation but by
one known as the "quasi-steady-state" relationship, which states that the sum
of all electronic transitions into a state is approximately equal to the sum of
all transitions going out of the state.25 A new computer program named NEQAIR
(ref. 25) has been written by incorporating this principle into the HF730 pro-
gram, The NEQAIR program requires a large set of excitation rate-coefficient
values, only some of which are presently available; however, work is in prog-
ress in all these areas.

STABILITY, GUIDANZE, AND CONTROL

The velocity and flight angle at the time of avmospherlic entry of an AQTV
can be different from the planned values because of errors in the operation of
the main rocket engines, both in thrust and in direction. 1In order to correct
for any such errors, the vehicle must be maneuvered while in the atmosphere.
Also, it became known in recent years that the densitg of the atmosphere in the
altitudes of intersst can vary over a wide range.w'u An aerobraking AQTV
nust maneuver to fly through the desired densities, For these reascons, an AOTV
requires a small amount of lift.

To provide a finite lift and be stable is not so easy fo» an AOTV, because
the center of gravity (ec.g.) will vary widely depending on the mission and on
the amount of fuel remaining in the tanks. The <¢.g. variation will affect the
pitching stability parameter most severely. The primary consideration in the
degign of an aerobraked AOTV is to have an acceptable pitching stability at all
pogsible o.g. locations at the highest allowed angle of attack. The roll angle
will be controllec by the use of small rocket engines known as reaction control
system (RCS) engines, The effeotive average angle of attack and L/D can be
lowered by alternating the bank angle between a positive and a negative value.
A course change oan be accomplished also by maintaining a fixed bank angle, In
this way, the vehicle has a two-parameter control in its mansuvering.

How an aerobraked AQTV car negotiate an atmosphere with greatly varying
density is yet to be deuermlned\17 It would be highly desirable to know the
density distribution bﬁﬁore the atmospherio flight, and that possibility is
presently under atudy. A multiple atmospheric pass i{s suggested as one way

of reducing the effect of density unoerbai*ty.7'8"1

EXAMPLES OF PROPOSED DESIGNS

Ballute

In this design, the aerobrake consists of a balloon-like elastic gas bag,
inflated to the shape of a blunt body. Its size will be varisd by controlling
the preasure inalde the gas bas.us The main advantage of this design i3 that
it could be the lightest and cheapest to make of all the options.
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There are, however, two potential problems with the ballute. The first is
that the variation of drag coefficient produces only one-degree-of-freedom
control. The second possible problem concerns the question of static stability
when the ballute is deformed as a result of an asymmetric external pressure
distribution. No study has yet been made of the aerodynamic characteristies of
a ballute that is only partially inflated and that is set at a finite angle of
attack. Common sense would predict that the windward side would depress inward
owing to the increased shock-layer pressure there, while the lee would bulge
out because of the decreased pressure there. This will tend to produce a
moment that will increase the angle of attack, leading to a static instabil-
ity. To avoid the occurrence of such static instability, the location of the

¢.g. may have to be compromised.

Conical Lifting Brake

In this concept, the aerobraﬁg consists of a sphere-cone, which resembles
spacecraft of past NASA missions. The eonfiguration currently favored uses a
70° cone with the sphere radius equal to the frustum radius. The 70° cone was
selected because it showed the largest range of allowable c.g. locations.

The stress on the components occurs only in one direction: the direction of
rocket thrust and the direction of the aerodynamic drag coincide approximately.
The main potential problem of this design concerns the yet unknown phenomenon
which somehow increases both pressuﬁg and heat-transfer rates in the base
region at a finite angle of attack.

Raked Cone

The raked cone is an ellipsoidal body truncated strongly asymmetrically.12
The fuel tanks are gplit into two (or more) parts and are placed far apart. By
contrelling the relative amounts of fuel in each tank, the vehicle could adjust
its trim angle of attack. The thrust line of the main engines is nearly perpen-
diocular to the directior of flight, Its optimum L/D is about 0.3, the highest
of all existing designs. The high L/D makes it possible to fly at the highest
negative L/D, thereby at altitudes substantially higher than 80 km.

There are two prob ems associated with the raked cone. The first is the
diff{oulty in placing the o.g. on the thrust line of the main rocket engines;
depending on the mass and dimensions of the payload and the amount of fuel
remaining in the tanks, the o.g. point may vary over a wide range. The second
problem i{s that the structures must withstand stresses in two directicns: the
direotion of the thrust line when the engines are firing, and the direction of
fltght dur‘ng atmospheric deceleration.

FLUID MECHANICS OF BASE FLOW

In both the conigal lifting brake and the raked aone, the payload
uay have to be carried in the base region to form a protruding afterbody.
Convective and radlative heat-transfer rates to the base region of a reentry
vehicle have been studied over the years. 9-52 1t i3 known that both conveo-
tive and radiative heat-transfer rates increase with base pressure. In most
past reentry vehicles, the base pressure was quite small, that is, of the ovder
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of 1% of that of the front stagnation point value.52 As a result, the base
heat-transfer rates were also usually very small. One cannot necessarily
expect this to be the case for an AOTV. The experiﬂ ntal data taken in a
hypersonic wind tunnel with a conical lifting brake™ show that both pressure
and convective heat-transfer rates can be very high over certain portions of
the afterbody when the vehicle is at a finite angle of attack.

In order to understand the nature of the flow in the base of a conical
lifting brake, an effort is presently being made to study the phenomenon in a
different type of facility. At Ames Research Center, scale models of such
vehicles are flown in a hypersonic, free-flight range, and shadowgraph pictures
are taken of the flow fleld around the flying models. The results are being
analyzed with the help of computational fluid dynamics.53 A significant dif-
ference is appearing between the base flow field of this type of AOTV and that
without a protruding afterbody.Su The computed flow field shows that there are
two recirculating regions in the flow rather than one: one between the aero-
brake and the afterbody, and the other behind the afterbody. The first recir-
culating region resemﬁles a two-dimensional separated flow produced by a back-
ward-facing step,53'5 and the second is an axisymmetric base flow. It is
known that the two-dimensional separated flow over a backward-facing step pro-
duces a recirculating region pressure which is substantiallg hﬁgher than in the
base of an axisymmetric body without protruding at‘terbody.5 E Thus, one sees
a possibility of relatively high base pressure for the AOTV, which may cause
high convective and radiative heat-transfer rates.

CONCLUSIONS

Aeroasgisted orbital transfer vehicles are useful for two purposes: they
can carry satellite payloads between GEQs and the Space Station, and between
near-equatorial orbits and near-polar orbits on a reusable basis. Because of
its reusability, high reliability resulting from the reusability, and substitu-
tion of aerodynamic forces for a rocket engine burn, the AOTVs can introduce a
substantial advantage in commercial utilization of space. The flight regimes
of the vehiole are defined relatively narrowly from the various practical con-
straints; the regimes are such that nonequilibrium vibrational excitation,
dissociation, and fonization will proceed simultaneocusly in the shock layer
over the vehicle. Present understanding of these chemical kinetic phenomena is
poor. The requirement that these vehicles may have to carry their cargo in the
base reglon, as a protruding afterbody, introduces a unique fluid-mechanical
problem of base flow.
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TABLE 1.- PAYLOAD AND MASSES CF THE UPPER STAGE VEHICLE, IN kg, UNDER THE
MOST IDEAL CONDITICHS, STARTING FRCM AN SQUATORIAL LOW-EARTH-ORBIT AT
150 km, WITH A ROCKET ENGINE WITH A SPECIFIC IMPULEZ OF 350 sec

Space Shuttle upper stage Ariane
Mass at takeoff from LEO assumed 30,000 4,500
Type Expendabie OTV AOTV Expendable
Mass of hardware assumed 2,000 2,000 3,000 300
Delivery to GEO Payload 7,174 2,634 4,542 1,442
Reentry mass 0 2,000 3,000 4
Retrieval from GEO Payload 0 1,160 8,349 0
Reentry mass 0 3,160 11,349 0
Excursion to GEO Payload 0 806 2,942 0
Reentry mass 0 2,806 5,942 0

TABLE 2.- TYPICAL PERIGEE CONDITIONS FOR AEROBRAKED AOTV

Altitude, Km..ouiiveiieiieiireoaraarasesnnesescssenss B0
Convective heat-transfer rate q,, KN/B2. . veeneee.r. 200
Density o, KE/M7. iiirriiiiiiriiansnsnscannannes 26107
Nean free path A, Miivviiriiiiiocnrennarosnaness 4107
Nose radius R, Mii.iseiieesrnnenssnnsnnnsrsssssnereasll
Reynolds number, oVR/u.........‘....(............1.5x105
Stagnation pressure pg, atm........eeeieninne.00.015
Velocity, V, MM/8@C.....viiiivsinrerunansnraoivrnns ...g
Viscosity u, K8/({m+860) . . cviviiirivneererreas.1.24107
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SHOCK WAVE FOCUSING PHENCMENA

H. Gronig
Stofwellenlabor, Institut f. Luft- u., Raumfahrt:, RWTH Aachen,
W. Germany

The focusing of =hock and blast waves is of interest in a
variety of fields. Well-known examples are the wave systems
of manoeuvring supersonic aircrafts, Shock waves with non-
planar fronts occur when plane waves travel through inhcomo-
geneous media or by refiection on curved boundaries. Weak
waves with concave fronts converge to focal points or cau-
stics. In stronger waves nonlinear effects become important
leading to Mach reflections. Usually reqions of liigh energy
density are produced by the focused waves. These have been
uged eg. to initiate detonations, to produce very strong
sghock waves and rare reaction products. In a vecent applica-
tion the focusing of underwater blast waves has been used
for fracturing of kidney and gali stores,

The studies presented in this review concentrate on the fo-
cuging of weak shock waves reflected on curved boundaries.
The random-choice-method has been applied to different twn-
dimensional cases with good agreement in hoth, the location
of the gas dynamic focus ard the pressure amplitude. Fo-
cusing of blast waves produced by sl oit-duration sparks af-
ter reflections un ellipgoids in air and water have algo
beer; studied experimentally amnd numerically. Using a ruby-
lagapr-siroboscope together with a shadowgraph technigque and
4 rotating mirror camera cylindrical converging shock waves
in a Kantrowita-type shock tube ha'» been produced. Conver-
ging lopgitwdinal weves in lucite plates are chserved by
timo-rasolved interferometr v and comparsd with saveral mue-
rical methods; there is eviuence of Mach-.»fluction in PMMA.

1. Introduction

It is well known that non-plamar shoak waves havirr a concave front in the
propagation directioh converge with a subsequent procuction of high values of
the gtate variablen in sowne regions. Thls sort of shock focusing hag been de-
monstrated by Perry and Hantrowitz® move than thirty years ago by some spec-
tacular echlicren photographs obtained in & small alwoek tube devics where it
was possible to produce oyl “drical converging shock waves. Theoretically the
problem of cylindrical anc spherical converging shock waves of infinite
atrength has been dealt with Ly Guderiey® more than forty years age, A oongide-
rable rumiber of pepars has boen published sines then on difterant problems ye-
garding focusing waves, both experimentally and theoretically, so that it is
hardly peasitle to mortion mostl of them: soma of thusn which are mainly and
clogely coumected to our own work will he eited.

Hemispherical convergir | strong ghock waves have been generated in a special
explogion chamber by G.ass and Sharma’ to ywnduce dicmoinda and neutrobs. s
esperimental and theorf‘t.icil study oo the bohaviour of the medium pewr Jocus
has been performad by Saito® for the experimental wetup ju~t mentioned. Various
kinds of explosicns and detonation waves have been focusad; one of tuese is
shown in Fig. 1; it is the detonation chamber proposed and tested by Terao”,
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L Fig.l:
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Here the detonation is initiated in a tube; the detonation wave then =xpands as
a cylindrical outgoing wave and, after turning through a passage of numermus
holer, it is focused hy conical or spherical walls to the center of the cham-
ber. Experimental studies on the stabjlity of converging cylindricai shock
w\mf have been performed by Wa et al.’. An extq;\sion of Perry's and Kantro-
witst work has been presented by Takavama et al.’ recently,regarding also the
stabilitv of cylindrical converging shock waves. Ia this vork the stock wave is
guided by a smooth traagition th-sugh the annular part of the shock tube until
it reaches the cylindrical_gap where 2t is focused, By using holographic inter-
ferometry Takayamwa et al.! have succeeded in studying the details of the fo-
cusing processdxr own studies have beea concentrated on several geometries:
first: focusirg on sllipsoidal reflectors; secondly: plane two-dimensicral and
mfatimgl 17 symmetric reflectors gimilar to the experiments of Stintevant and
fullarny”, and thirdly focusing of aylindrical shock waves by mesnz of a geome-
try essentialily similar ailso to Peryy and Kantrowitz'. As media gases and wa-
ter, it also lucite plates have besn used.

The experimental results have been compaced mainly with mémencal calculations
using the random-choice-method (ROM) recomnernden by Glass” in ats Panl Vieille
Hemorial Lecture four years ago on this Sympoaium. Studies of fec\miuaq of hiast
waves in aiy from an ellipwoidal rellector werig carried out by #Woll*Y using for
numericsl omq%}um Whitham's shock dynamoes®t in & modified veeston due to
favies apd Guy~* . Ik view of the recent applications of wderwatar shock waves
ta fracture kidney stoogs these studies have been extended to axially synmetyic
expariments by Muller®?, Those esporiments have been compsred with ewarical
calculations of Oiivier4 applying the B0 also to the foouming of weak under-
water whock waves.

In the case of the focuming of cylindvical ghock waves a comparigon 18 poesible
with Takayama's previous work’, an additiona: asperimental work which was cre-
ried ot {g close cooperation with Takayarma at Aachen assl & vary recent study
by Kladre™ using o schlieren system and o ruby-laser-strobosoge saking at
possible to produce seview of photographs oi esch experiment, In s further stu-
dy fm\zaa‘.f? of weak owroksion waves in lucite plates has been parfarmed by
Honckele'V uying the veflected shock wavs at the ¢nd wall to tairtiate the
pulee; tine resclvad uterforogramy ang shadosgraphia were comgared with resuita
of mevorsl calculation metivdsg. To increase (e applitude of these waves small
pellats of explosive have besn sppliad revaaling the orcurrence of Mach reflec-
tion in PMMA in the oourse of the interaction of two o )indeioz] swavw both
generated at the same tise.

2. Focusing by concuve reflectovs
1 Nediuem asr

in the studiag porformed by #1110 enlipwoidal reflectars sere use” A weak
blast wawy b producad by a fast cpacitor discharge across a spavk . ocated
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A in the far focus of the ellipsoid. Figure 2 shows the principal experimental
- setup. The electrodes of the sperk gap are embedded in a flat plate to produce
an undisturbed hemispherical blast wave. This wave .ncounters an ellipsoidal

: Shors Focusing
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oo N v |  Experimental setup for
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reflector with axial symmetry and, after reflection, the wave front is conver-
ging to the second focus. The fronts were photographed by means of a single
shot spark schlieren system; pressure histories were recorded by Kistler g
sure gauges- Figure 3 shows series of schlieren photographs; in Fig. 3a the
wave has acoustic strength (M,= 1.0068), and the focusing occurs according to
geometrical acoustics. The field of view is 178 mm in diameter, and the waves
are moving from left to right. My is the Mach number immediately after reflec-
tion. When the center part of the wave reaches the focal region it steepens up
and acceleratrs. Thereby a Mach stem is formed and further focusing is preven- w
ted. Surprisingly, this Mach stem shrinks beyond the focus, and finally the
wave leaves the focal region crossed and folded as predicted by geometrical
acoustics., If the plane of symmetry is congidered as an ideal reflecting wall
the le process corresponds to a transition from Mach to regular reflec-
tionl’, Figure 3b shows the focusing foi a moderately weak wave. The height of
each photograph corresponds to 67 mm. Here a deeper refiector (80 mm in diame-
3 ter) is used located 80 mm closer to the spark gap. Mo wave crossing is ob-
’ served here beyund the fecus but the Mach stem lengtin ia contin ly increa-
sing. The geometry correspords more to Whitham's chock dynamics™™; the Mach
stem, however, is not bent convex as predicted by shock dynamics but straight
as tsually observed. There is a trangition Mach nweber that separates these two
fundumental cases. Depending un the converyence ratio d/f of the reflector it
is found to lie bctween 1.05 and 1.10 in agreement with the value determined by ‘
Sturtevant and Kulkamya. The location of the wave fronta and the preassures on
different positions on the axis of symmetry have been calculated by a time
stepping scheme proposed by Davies and Guyﬁ' and Fong and Ahlborn!® which ia 1
hased on the OCW theory. The wave front (its upper half only) is divided up
into 100 straight elements for each of which the nurmal shock relations
, hold. The varia%ons of the ray tube areas are taken into ancount by Chienell's
- channel formula<Y, The remults of these calculations are compared with pressure
measurenents on the axis in Fig. 4. Here the preusure amplification of the
shock jump on the axis of symmetry referred to the pressure jump on the reflec-
tor surface is plotted with respect to the distance x from the reflector apex
normalized with it3 focal length £. For moderately weal blast waves the pres-
smure at focus is overestimated as the calculation does not allow for the re-
flected branches of the Mach reflection and the expansion waves behind the

'Photograﬂm are arrangsd following the references
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shock front. Consequently the central part of the wave accelerates too much and
overshoots beyond the focus just as Whitham has predicted. Figure 5 shows the
upper halves of the calculated and observed wave vatterns at succesive times.
Near the focus and in the outermost parts deviations from the experimentally
observed wave positions may be noted, the reason being the same as just given
above.
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focaun: of toe difficultiss ccourvuiwy near the focal region when applying the
CCW method, uwo-dimengional RCM was applicd to the cases of plane and axially
symmetrical parabnlic reflectors for plane incident waves and to ellipsoidal
reflectors for point explosions originating in either ohe of the both focal
points. ‘The basic emuations for unsteady two-dimensional plane or axially sym-~
motrical invieeid wotions of a3 noa-heat-gonducting oq;ywsaible fluid are
volved numerically using the methed of Glimn** and Chorin®® . The RCM ig essen-
tially an explicit namerich] echeie that repesatedly solves a one~dinwensional
Rieman or shock tube problem betwpen grid points to obtain the solution at the
next time level (Igra & Cottlieh*’l. For the numerical solution of the two-
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dimensional homogﬁxeous equations the operator-splitti tsghnique introduced
to the RCM by Sod®? is also used in the study of Olivierl4:25 | Special atten-
tion has been given by Olivier to the influence of the random number generator
and of the passive velocities. Random-number generators, which yield smooth
solutions in one-dimensional cases, may exhibit large fluctuations especially
near boundaries in two-dimensional problems. The handling of the passive velo-
cities has alsg _an influe%e on the solution: thay % be regarded as passive
scalars (Chorin?'z, Colelia*") or as constants (olivi;'i )« By using mean values
of the pagsive velocities a certain smoothing is achieved without affecting the
steepness and amplitude of the focal preasure signature for weak shock waves.

As a test for the numerical calculations the shock tube experiments of Sturte-
vant and Kulkarny © are uzed for comparison. They measured the pressure history
in the focal region of a parabolic cylinder with its axis of symmetry coin-
ciding with the shock tube axis. Figure 6 shows the comparison between the
experimentally obtained pressure history as a solid line and the result of the
corresponding RCM calculation. The time scale is 50 ys /div and the vertical

Max,igﬁ- §< o
5(;‘ ! Fig. 6: conpa:éson between ROMM4
and experiment®.
]

scale 0.4 bar/div. location 2 refers to a spot very close to the geometrical
focus; initial shock Mach number is l.1. Due to the steep preasure rige which
cannot be resolved from the printed oscillogram the maximum wea pressure
has been cbtained from Fig. 9 of Sturtevant's and Kulkarny's paper” showing the
maximunm pressures diwing the focusing process. Maximum calculated and measured
pressure are indicated by artows.

Very recently the same problem was treated by Saito et al? and Nishida et
als® applying, however, in their numerigcal caliulation the piecewige-~linear-
method (6IM) proposed by (olella and Glaz?”. Due o the smoothing by interpola-
tion, the finite difference calculation and additional dissipative terms the
flow field is free from oscillations and fluctualions. The location of the fo-
cus is also in very good agrewment with the experimental results of Stun;, vant.
ard Kulkarny”. In Fla. 7 two pressure fields calculated by dishida et al.*® are
ghown at two succesaive instants of time. After shock reflection at the parabo-

Fiq. 7: Preenvure
fields of conver-
qging shock wave,

= 1,13
(Rishida et a}.28),
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lic surface two pressure peaks appear in the reflected front close to the trip~
le points where the converging center of the reflected wave meets the reflected
waves from the corners. This conclusion is copfirmed by the RCM calculations of
Olivi and the discussion of Sturtevant*®. Also generally the gasdynamic
focug is found to lie inside the geometric focal distance, approaching the geo-
metric focus as the strength of the incident shock becomes weak. With decrea-
ging depth of the reflector the gasdyramic focus again leaves the geometric one
in the dire(:;%ion of the reflector. The PLM has been also very recently applied
by Takayama”" in calculating isopycnics of the shock reflection at a plane cir-
cular reflector and of the subsequent focusing rrocess in order to compare them
with infinite fringe holographic interferograms.

2.2 Medium Water

With the application of focused underwater shock waves for fracturing kidney
ard gall stones expe:imental and numerical studies of focusing of waves in wa-
ter have been of great interest worldwide. One the of first papers on quantita-
tive me:ﬁurements of shock focusing by ellipsoidal reflectors is that of
Takayama”* et al. presented at the last Shock Wave Symposium. To initiate the
shock waves they use lead azide pellets with laser ignition. By means of a
double exposure holographic interferometer it has been possible to deduce the
pressure distribution in the flow field. Comparison has been made with the one-
dimensional RCM for calculating the radial pressure field of the micro-explo-
g.ons,

Our own experiments are performed in a water basin where the shock wave is
initiated by a shcist—duration underwater spark in a similar setup as with
Holl's experiments-" in air. After reflection of the wave at an ellipsoidal
reflector the wave iz focused in the focal point closer to the reflector. The
pressure field is studied by means of pressure gauges having an upper frequency
of about 10 MHz and a spatial resolvﬁion of about half a millimeter, they have
been developed by Miiller and Platte~.

The two-dimensional RCM was also applied by Olivier?® to the focusing problem
by ellipsoids taking both,the closer ard farther focus as origin of the wave.
For not too extended ellipsoids the numerical results Tre in goo%qtmlitative
agreement with the experiments, both those by Takayama3 and our's?®

3. PFocusing of eylindrical waves in air

In the study described in thial section a similar setup has been used as des-
cribed by Perry and Kantrowitz®. The experimental arrangement is shown in Fig.
8. The shock tube has an inner diameter of 300 mm and a 1:10 core is mounted
inside leaving an annular ring 50 mm wide close to the end wall. The gap be-
tween the bottom of the cone and,she el wall has a width of 10 mm. Shadow-
graphs have been taken by Kleine3 usingg a ruby-laser-stroboscope and a high-
speed rotating-mirror camera which allow to take photog with time intervals
frou 2.5 up to 35 ys. Thus it is poasible to vimualize the whole time history
of a cylindrical shock wave being forused in a single experiment. Experiments
have been performed covering a Mach number range of M, = L1 up to 2.1 with
nitrogen as driven and helium as driver gas. The slender cone cuts out an annu-
lar shock wave which is bend 90° degrees at the sharp edge of the cone but is
alwo reflected a few tens of microseconds later forming almost a new oylindri-
cal shock tube, the reflected region being the new driver,

In Fig. 9 s#eries of shadowgraphs are shown for an initia) shock of Mach
nusber M = 1.3 and 2.1 , resp.. Obwiously an initial asymmetry of the conver-
ging shock ia greater with the higher Mach number. Behind the incident shock a
nunber of waves may he seen originating from iultiple reflections and diffrac-
tionh during the shock forming prucess. At the lower Mach mumber of M, = 1.3 the
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field of view. This vortex ring breaks down rather soon.

Al]l the shocks being observed in these experiments tend to approach a somewhat
curved triangular shape which is believed to be due to the design of the sup-
porting system of the cone.

Rubln
Laserstroboskop

Grehsplegelkamera

1

N -

Fig. 8: Experimental setup for time resolved shadowgraphs of converging
cylindrical shocks,

The cone is mounted by three pairs of struts at equi-angles of 120°%The two
marks are 100 mm apart. At small shock diameters of about 5 mm the shortcomings
of the shadow method are obvious; due to the large density gradients nearly all
of the incident light is deflected leaving the center almost dark. Thus the
process of actual shock focusing and instability cannot be observed in detail
that way. A rather strong and 'long-living' vortex at the center of implosion
indicates the final instability of the converging wave.

Picture series taken at the maximum frequency possible with this continuously
writing rotating mirrvor camera (400 kHz) indicate that the actual focusing pro-
cess takes place within a space of nanoseconds (Fig. 10 ). Mean velocities of
the shock wave were measured and plotted in Fig. 11 in comparison with analyti-
cal approaches, the reference point for both, the Guderley and CCW curve, being
the exporimental point closest to the center. The quite large discrepancies far
from center are believed to be due 4‘? the multiple reflections after the ben-
ding of the incident shock. Olivier” compared the regults with a one-~dimensi-
ohal RCM calculation and found almoast complete agreement with Guderley for the
higher Mach number. Pressure measurements were also performed close to the cen~
ter. Agreement exists between the measured pressure higtory and that obtained
by integrating the numerically calculated omw over the pressure sensitive sur-
face of 3.2 mm in diameter for the u}wd Kiatler gauge as shown in Fig. 12.

In previous studies Takayama et al.’ umed an almost gimilar shock tube, how-
evey, with a smooth bending section for the shock and a different number of
struts to support the cone. fle obtained a number of infinite fringe holographic
mtcrfemgrams which clearly rewaled an instability mode of four as shown in
E‘xg.l3 for M, = l.l. Recently by the cooperation of Prof. Takayama we were
able to set \p at the StoBwellenlalbor a system for interferometric holography
which is shown in Fig. 14. Figure 15  shows an interferogram comparable to that
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of Fig. 13* also just before focusing where cbviously a triangular shape domi-
nates.
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Fig. 11: Velocity of imploding ahack versus distance from center:
My (a) 2.1, (b) 1.3.3imilarity coefficient 0.8276 (-0.038; + 0.031)
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At higher Mach munbers these deviations from a cylindrical shape are otill more
striking. The conclusion from these experiments is that the final instabilities
of a cylindrical shock wave may be caumed by disturbances far away from the
center of implosion and that probably a low mamber of instability wodea ie more
persigting than instabilities of higher modes,
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Film Holder

9:1 Beam Splitter
™

Spherical Mirror - / /

d = 200 mm, —————
f = 2,000 mm

300 mm dismeter
Shock Tube

Hologruphic Ruby Laser

SCHEMATIC DIAGRAN OF OPTICAL ARRANGEMENT

Fig. 14: Schematic diagram of holographic system.

Gardnar et a1.33 use the CCW approach to study analytically and mimerically the
stability of imploding shocks; for sufficently large amplitudes they note that
linear behavious breaks down and the solution develope into a kink form of the
shock waves. Yu? makes an amympiotic expansion of the OCW equations near focus
and shows that the loci of amall perturbations for converging cylindrical shock
waves are logarithmic spirals. An analytical approach to the problem of cylin-
dricalsg converging shock (and detonation) waves has been recently developed by
Matsuo-™,

4 Focuuing of stress waves in solids

For the etudy of focusing of stress waves in lucite plates (PMMA} two expe-
rimental setups have been used: uasing the reflected shock at the end wall and
small pelleta of explosive, The both cases by means of a Mach-Zehnder inter-
ferometer, the ruby laser stroboscope and the rotating mirror camera a series
of interferograms has been obtainad for each experiment.

Figwe 16 shows a plane incident wave train of three longitudinal compressive
pulees exbaddad in a dispersive wave™®, The puless arve gererated by repeated
reflection of transversal waves at the front and rear side of the plate. The
change of the width of the plate measured by the shift 8f the interference
fringes is shown in Fig. 17 as a function of the distance! 4y The measured va-
riation is compared with calculations performed by Raatschen Y uning a two-
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Fig. 17: Variation of plate's
4 thickness: experiment and me-
thod of characteristics ,

0 A A L L L L 1 1 W 1
0 20 40 60 & w0
x, {mm]

dimengional characteristic methcd. The focusing experiments by means of a cir-
cular lucite plate have most recently also compared with the RCM applied to
longitudinal and transversal stress waves in solids. Here linear and nonlinear
stress-strain relations are taken into account and to our best lgéowledge the
Riemann problem has been solved in this case for the first time”®, Figure 18
shows the two-dimensional stress field for the instant of focusing of a longi-
tudinal wave at the circular boundary.

i

il
n“h 23; }Wim of longitudinal

To increase the stress pulses in the PMMA plates beyond the limit of the re-
flected shock _tube pressure amall pelleta of explcaive have been used by
Henckels et al.d JUging the classical arrangement of Ermmat Mach with the mimul-
tanecous explosion of two pellets, Mach reflection could be observed as shown
in the nhadowgﬁqi\ of Fig, 19; an analytical asaessment similar to that given
by Holl et al."V for water confirms this experimental result.

5. Conclusion

A number of studies have been reviewed regarding the focusing process of con-
cave ghock waves in gases, fluids and soiids. Experiments by time-resolved op-
tical methods are in agreement with numerical calculations using different ap-
proaches; two-dirmensional RCM and PIM seenm to coimplement rather than to com-
pete with each other. ROM has successfully been applied to the focuming process
in PMMA plates, too. Mach reflection, finally, has also been observed in PHMMA
plates.
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Fig. 9: Series of shadowgraphs of a single experiment No (a) 1.3, (b) 2.1.
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Fig. 10: Successive shadowgraphs with At = 2.5 ys; Mo: (a) 1.3 , (b) 2.1
40 mm

Fig. 13: Infinite fringe Fig. 15: Infinite fringe holo-

holographic interferogram graphic interferogram; NO = 1.3,

of convergin? cylindrical

shock M = 1.1_ {from

Takayamalet al.7),

Fig. 15: Mach reflection in ¢
Fig. 16: Interferogram of wave PMNA plate.
propagation in a PMNA plate,




SHOCK DYNAMICS OF NONINVASIVE FRACTURING OF KIDNEY STONES
David A. Russell

Nepartment of Aerona.tics and Astronautics
University of Washington, Seattle, WA 98195

A review is provided of the snock dvnamics of extracor-
poreal shock-wave 1ithotripsy. Methods of predicting
blast wave redirection, focusing, and coupling are pre-
sented and dissussed. Experiments were carried out using
a Q-switched ruby laser to initiate waves inside an
ellipsoidal reflactor attached to a water tank. Piezo-
elactric gages provided maps of peak pressure, and human
kidney stones were suspended in the target zone and frac-
tured. General agreement with prediction is found &nd
areas for further study identified.

1. INTRODUrTION

Extracorporeal shock-wave 1ithotripsy is the newest and most promising
treatment for kidney-sf? e disease. Originated in West Germany, the technique
is now well Jocumented't’, and more than 12,000 patients have been treated
worldwide. Figure 1 illustrates the essentiail fluid mechanical features. A
sudden deposition of energy at a point inside a water-filled reflector creates
a spherical blast wave which is rediracted through & water bath and targeted
onto the brittie calculus inside the patient, The technique is based on the
fact that tissue and muscie have similar transmission characteristics to water,
that a local refocusing of the shock accurs, that the applied puise is short
comnared to the wave transit time through the stone, and that the stones have a
tensile strength generailly agreed to be only £-50 atm, Hundreds of separate
shocks are applied untii the calculus is spaliated into fragmonts which pass
naturally. The technique is noninvasive, with cbv.ous advantagses over percu-
taneous stone removal or open surgery.

The shovk dynamics of extracorporeal shock-wave lithoteipsy present inter-
asting challenges to the shock physfcist, and are the subject of the present
paper. While the Garman work uses electric arcs, the epergy source is not of
concern here as tong as deVivery s effectively symmetric and instantaneous.

At tssue is the reconvoiution of the iaitial spherical blas® weve tO an exter-
nal focus, and the resultant stresses induced {n the target. As filustrated by
Fig. 1, most of the original spherical blast will undergo reflection. For an
ellipsoid this reflected wave 15 a sagment ¢ 5 spherical syrface centerad a3t
the second focus, if the wave speed s constant and wall refiection perfect. A
particular interest is the degree to which the refotusing process can be
rreaved acoustizaily and the significance uf nenlinear effects.

The following section reviews basic analysis used [~ the study, and fis
follawed by a description of the experimenic] setup. Both are then spplied to
the wave generatior, reflection, diffraction, and coupling processes fmpifcit
in Fig. 1, and conclusions are nffered,

2. SHOCK PROCESSES

The Tait relation conhecting the pressure, p, asd denttly, o,
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1s used as the equation of state for water. B, a weak function of entropy, is
taken to be constant with value of 3000 atm. The exponent, n, is a constant at
7.15, and pg 1s a reference density at standard conditions. Note that Ea. 1
has the form of an isentropic perfect gas for p increased by B,

Equation 1 may be used with 1-D continuity and momentum to yield the shock
Jump conditions. For B/pj, Z > 1 these take the approximate form:

PL - . w oo . U . A
Bils = l+e; E-% = g -5 l+(T)e, 2 1+ (—2—)5

where ¢ = %l%withl = -g%

Here ug is the zelocity following a shock travelling at speed Ug into undis-
turbed fiuid, c is the speed of sound, and conditions 2 are behind the shock
while 1 are in front. It is readily shown that a weak wave ortginating a sYec-
ific distance behind a shock will overtake it in a distance of [(n+1) e/4)
original spacings.

Superposition of a uniform velocity in the plane of the shock, together
with the wall boundary-condition leads to the exact oblique-shock reflection
solutions of Fig. 2. As shown in the insert, the oblique shock 1 reflects as
R. The figure indicates the nonideal nature of the reflection process as a
functton of £ across Y and the incidence angle g. Reflections to the right of
tive dashed line are Mach reflections.

The change in sverage strength of a shock travelling down a coaverging 1-D
channel of arbitrary cross-section may be approximated by 1nte?r?t1ng the
resylt of the wave interaction with a differential area change 2], This has
beet {ggea:ed for water, using Eqs. 1 and 2 and steady area-change rela-
tionstd1, 1T K{2) is assumed constant, the simple relatfoa

A(Z-1NVK 2 cons't {3).

15 obtaingd, K 1< found to be equa) to 1/2 in the acoustic limit, increasing
by 1% for 2 = 100 and 8% for I = 100D; this contrasts with a 20 -30% reduction
for ideal atr at 2 = 100.

Dften the offective channel or stream-tube cm?& section area is not known
a priori. The theory of geometrical shock dynamics ) uses a description simi-
lar to geometrical acoustfcs, with coordinates ¥n the shock front and on rays
normal to ft. Again assuming that the local cross-sections) area determines
the shuck Nach number and hence 7, geometric ccasiderations lead to character-
istic equations for axially symmetric fiow:

an r
{4)
o~} | sin m 5in
24 v

Here 8 is the local angle of the ray and r the norm2) distance off the axis of
symmetry. The equivalents to the Prandtl-Neyer function a?d #ach angle in
supersonic flow, w and ~, have deen werked out for water{3); approximationt

based on Eqs. 2 and 3 were found to glve inaccurate resylts. The n and ¢ dir-
ectiocns are at local aigle d+m and f-@ respectively.
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The calculation proczdure for Eq. 4 requires inicial data aiong a shuck
surface with boundary corditions at its edge. Tach characteristic mesh point
then gives the shock properties when at that point. Three separate cases ware
calculated for rig. 3, each with an initial spherical shock segment having R/D
= 2, where R is the radius of curvature and D the shock diameter, and a con-
stant Z=1 edge boundary cendition. The ordinate is the centerline shock
strength normalized by the initial value, and the abscissa is the dimensionless
distance travelled. Tie shocks can be expected to strengthen as they converge,
with Tinear acoustics predicting infinite amplitude at x/D=2. However, an
expansion wave from the Z=1 boundary must propagate inward from the shock
edges. The result s an earlier peak at a reduced value, these effects depend-~
ing on the initial Z and the shock shape. The solid lines on Fig. 3 are for
uniform initial Z-profile, the dashed line for a conical distribution with Z =
100 at the peak and 1 at the edge.

Figure 4 was calculated(5) for weak norinal waves incident on a 1-D slab of
elastic material in water. The ordinate is the amplitude of the reflected and
transmitted waves shown in the insert, ratioed to that for the incident wave.
It is plotted versus the acoustic impedance, pc, of the elastic material rela-
tive to water, When these are equal the incident wave is transmitted
unchanged. A strong reflected wave off the first surface of the reflector of
Fig. 1 requires materials with high relative oc; very small values of pc cor-
respond to gas bubble and air interface interactions. Spallation depands on
the amplitude of the reflected wave off a back surface. A material in vacuum
must preserve the boundary condition of zero stress at a free surface, and this
requires that a compression wave perfectly reflect as a tension wave. Figure 4
shows that the presence of the water bath increases Arp/Ay to 0.15-0.25 for
abscissa values between 1.5 and 8, a range which shoulg encompass all stone
targets.

Figure 5 is an x-t diagram of the stress field induced in the 1-D elastic
slab of material for the particular case of a compression wave with a trape-
zoidal nrofile in time impacting on the left. The slab boundaries are the
extreme left and right dashed 1ines. The solid lines represent the stress in
the matniial at that x-\ocation, with tension to the left. The figure is for a
relative pc of 5; thus from Fig., 4, the amplitude of the initial stress at the
front surface is 0.3 of the applied pressure, and the reflected tension wave is
0.7 of that. A1l waves travel in the x-t plane with slope given by the elastic
wave speed, ¢. The stress at any point on the figure 1s the sum of the contri-
butions from left and right running waves, and these reduce each time an {nter-
face 1s met. Peak tensile stress first appears at the x-location immediately
behind the back surface, where the plateau of the weakened reflected wave has
just cleared the last of the incident one. Fracture will occur if this stress
exceeds the stone strength., For a pulse characterized by an instantaneocus rise
followed by a linear fall to zero over time ¢, the location of this first max-
imum is given by cé¢/2.

3. EXPERIMENTAL SETUP

Figure 6 is a schematic of the experimental arrangement. A 50 J capaci-
tive discharge between electrodes in water gave erratic results, and was
replaced as the energy source by a 3J 30nsec single-pulse ruby laser (Apollo
Model 5). The multi-mode 2-cm diameter beam was focused through a flat window
by a movable uncoated f=2 in air lens. It then passed through a 1.25-cm diam-
eter nole ft Yo reflector, itseil attached to a 30x30x30 cm water tank made of
plexiglas. The reflector was a hollow nalf-ellipsoid with minor and semi major
axes of 12.7 cm, resulting in an eccentricity of 0.866 and wall to focal-point
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distance of 1.7 cm. It was machined at full 12.7 cm depth out of aluminum.
Some measurements were also made with a higher eccentricity brass ellipsoid
with a window at right angles to that shown on Fig. 6. The laser beam could be
passed directly through the side of the box through various uncoated glass
ienses producing focal lengths of 3.8, 4.5, and 12.5 cm in water. The tank
water was continuously run through an external filter; use of distilled water
was not necessary, however f?me temperature control was required in order to
avoid air supersaturation.(

A calorimeter (Scientech 38-0101) was used to measure enerqy delivered
t..rough the optics. Information on breakdown volume in the water was obtained
by exposing film behind various neutral-density filters. Pressure was recorded
with piezoelectric gages (Kistler 603A, PCB 111A22) connected to a 50 Mhz stor-
age oscilloscope (Tektronix 7000 series) triggered off the laser firing cir-
cuit. Fracturing experiments were carried out by suspending stone samples on a
thread at the experimentally-determined second focal point.

The pressure gages were calibrated with a solenoid switched volume. A
HeNe laser was passed through the ruby laser optics to insure allignment with
the reflector axis. Film burn patterns were used to check ruby laser mode and
diameter, while pinholes in thin tape targets located the actual focus in the
water. All spacial peak-pressure profiles were obtained by moving a siaqle
gage for a series of runs each 30 seconds apart, finishing with a test repeat
of the first point. The results were found to be independent of gags used and
repeatable to within the r_\ding accuracy of the oscilloscope.

A typical pressure trace is shown on Fig. 7. The gage was located on the
centerline at the exit of the ellipse, and 0.70 was delivered to the focal
point, As anticipated by Fig. 1, the trace shows the fnitial bhlast wave fol-
lowed at a time corresponding to wave travel over twice the wall to focal-point
distance by a reinforced reflected wave. The higher frequency oscillations
appear to be due to thickness-mode ringing. The rise time of both pulses is
seen to be 1 usec, a limit imposed by the elastic wave ?r?nsit~t1me through the
gage sensor, Recent numerical and experimental results(6) yield a pressure-
profile for a blast wave in water which can be approximated by an instantaneous
Jump followed by a Yinear fall off to a low value at 10% of the shock-to-origin
distance. Based on this ? 1 usec actual profile width was estimated for Fig.
7, and it was caTcu\atedt7 that the measured peak pressure was Yow by ai ?uch
as a factor of 2. Recent measurements with min{ature 50 nsec PVDF gages(8
appear to confiria this factor.

4. APPLICATION

Figure 8 collects peck pressure measurements versus r, the distance from
taser breakdown, for unconfined blast waves fn water. The 4.3 ¢ focal-length
Yens assembly was mounted in the tank wall for these experiments, snd the pres-
sure gage was lined up perpendicular to the laser axis. The curves are label-
le¢ with the value of £, the enerqy delivered through the optics.

The solid lines are the Lest fit to the datg and correspond to the p (E,v)
expression shown on the figure with X = 2,1 (10)° {n atm and cm units. Little
taser energy passed beyond the bredkdown region and thus the process was ener-
getigally similar to chemical explosions. Esrly chemical explosions {n the
sea{?}) gave an £ exponent of 0.33, with the bracketed quant tx raised to the
1.13 power; a more recent study of chemical microexplosions{®) found values of

$.33 and 1.15 respectiye;y. An E1/3/, dependence can be argued for weak waves
oh dimensional groundsid),
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The high E-dependence of Fig. 8 may be connected with departures from
sphericity in the blast at higher E. While p-measurements parallel to the
optical axis were identical to the perpendicular ones at 0.3J, they were 30%
low at 1.4J. Rather than a submillimeter sphere, photographs of the breakdown
at 1.0J revealed a conical region of Tight 0.4 cm long, indicating multiple
site {nitiation. Not surprisingly, the pressure perpendicular to the uptical
axls was reduced further when the 12.5 cm optics were used.

From Eq. 2, Ug for the blast wave exceeds the acoustic speed by only 1%
for Z = 100, When the wave reflects, Fig. 2 shows that the angle could be
increased by a few percent. This might be accommodated by opening the reflec-
tor less rapidly, however it will be shown that the shock strength falls off
rapidly near the wall. Tha maximum value of incident g for the 0.866 ellipsoid
occurs at the exit and is less than 600; thus the figure shows that regular
reflection occurs throughout for Z < 500.

Fig. 9 presents peak pressures in the reflected wave obtained from traces
such as Fig. 7. These are plotted versus radial off-axis position for a series
of 0.70 runs with the gege located in the exit plane, and located 5cm further
out. The exit profile is peaked at the center, falling tc a low value as r
approaches the ellipsoid edge at 6.35cm. The peak is amplified and sharpened
at the farther out station. The dashed lines on Fig. 9 are for a model! based
on simptified shock dynamics and the ellipsoid geometry. It is referenced to a
measured blast-wave peak pressure of 45 atm at the bottom of the ellipse for E
= 0.7, The strength of the wave at cther pcints of impingement is 2pproxi-
mated by the inverse radius ratio. From that point, the shock strength is
found by applying Eq. 3 to the area change between two conical surfaces with
apex at the second focal point and differential angle apart. Both the height
of this region and its circumference around the axis decrease as the focus is
approached, as may be inferred from the insert on Fig. 9. The model shows
agreemenit with the general trends in the experiients. Note that a pure optical
intensity analogy would show a much sharper peak.

Figure 10 presents the peak pressures measured along the axis of symmetry
for the same 0.7J case as Fig. 9. The first dashed Vine is the locatior of the
reflector exit plane, while the second {s the geometrical focal point. The
1ines connecting the data of Flg. 10 suggest a maximum amplification of only 2
from the exit ?eak prassure, with this occuring on a broad shoulder ahead of
the geometrical focus, and followed by 4 rapid drop. These effects are quali-
tatively explained by the discussion of shock diffraction leading to Fig. 3.
As the bottom of the ellipsoid at x = -12.7cm is struck by a 45 atm blast, the
peak amplification from this veferenue is 3. A further sharpening of the radial
profile from the x = Scm data of Fig. 9 can be expected at the focus, 50 that
the full-width at half-maximum is less than the 1.dcm shown,

Kidney stones were suspended at the peak location indicated on Fig. 10 and
fractured to sub millimeter size by applying hundreds of shocks produced by a
nominal 1.5J of laser energy delivered to the water. With a §p of 1 ysec, max-
inum tensile stress should first appear at a depth of 1 mm for ¢ double the
sound speed in water. Fig. 10 indicates a peak preéssure of 150 atm at 0.7J.
Scaling with enerqy from Fig. 6 and using a factor of 0.2 from Fig. 4 leaves a
peak tensile stress in the stone of 40 atm, close to the maximum strength men
tioned in the Introduction, The expected factor of 2 higher actual peak
pressure would allow this strength to be met at even shallower depths. How-
ever, it should be noted that particles were freqguently observed tn be dis-
1o?ged from the front of the target stone, and complex fracture mechanisms may
exist,
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5. CONCLUSIONS

An overview of the shock dynamics of the noninvasive fracturing of kidney
stones has been presented. It was shown that, for conditions of {nterest, a
particular half ellipsoid reflector will project an external peak pressure of 3
times the strength of the original blast wave intercepted at its base. The
peak 1s sharply focused in space and time at a location upstream of the geomet-
ric focus. A tensile stress of 15-25% of this pressure can be expected for
stones targeted at that point.

It has been found that a simple stream tube model explains features of the
reflection process, while shock dynamics predicts the diffraction and focusing
that occurs after leaving the reflector. Numerical solution of the full invis-
cid equations of motion could increase the precision of the shock predictions
and provide information about the flow evolution, but these would need improved
instrumentation for verification. Among other questions needing study are non-
i{deal energy deposition including bubble dymamics, disturbances caused by elec-
trodes and windows, transmission through impurities and bio tissue, diffraction
around and stresses induced in 3-D targets, failure mechanisms, and nonisot:o-
pic stone characterization,

ACKNOWLEDGEMENTS

The author would Yike to thank W. H, Chapman, M.D. and M. E. Mayo, M.D.,
for introducing the problem and for continuing interest. The contributions of
colleagues R. E. Breidenthal, R. D. Brooks, R. E. Charko, and S. C. Dao are
gratefully acknowledged. Partial support has been received from the Graduate
School of the Unfversity of Washington, and from International Biomedics Inc.

REFERENCES

1. Chaussy, Ch., et al “Extracorporeal Shock Wave Lithotripsy," Karger
Munich) 1982.

2. Chtsnall, R. F., “The Motion of a Shock Wave in a Channel, with Applica-
tions to CyYindrical and Spherical Shock MWaves,” Journal of Fluid
Mechanics, Vol. 2, 1957, p. 286.

3. Dao, S. C., “Geometrical Shock Dynamics," thesis, Master of Science in
Aeronautics and Astronautics, University of Washington, 1983,

4. Whitham, G. B., “A New Approach te Problems of Shock Dynamics,“ Journal of
Fluid Mechanics, Vol. 5., 1952, p. 363.

5. Kolsky, H., “Stress Waves in Solids," Dover Publications, New York, 1963.

6. Tekayama, K., Esashi, H., and Sanada, N., in Shock Tubes and Waves, New
South Vales University Press, 1383, p. 553.

7. Charko, R. E,, "Laser Shock Wave Lithotripsy,“ thesis, Master of Science
in Acronautics and Astronautics, University of Washington, 1384,

8. Kailman, G., private cosmunication, latornationa) Biomedics, Inc., Mercer
Island, Mashington.

9. Cole, R. H., “Underwater Explosions,” Princeton University Press,

Princeton 1948.




Russell: Fracturing of Kidney Stones by Shock Waves 63

lost wove
stone

reflected

/OVQ

Fig. 1 Schematic of wave motion

reflector

»
1.5, T T Y T T T T T 10 T T T
14 R I 4
8 i
S;,;- \\ 4
Q \ )
e z \ A
\
l.l»-.___-__.'-'om \\ - )
1.0 |00—r“‘"."‘".‘—/;\\;\s_ -
0 10 20 0 40 % € 0 80 W
B
1 1. 1 '
| Fig. 2 Oblique shock reflection 5 i Y 3 i
8 in water, 2D
Fig. 3 Centerline amplification
of spherical shock segment in
water R/D = 2. Solid lines are
a S e e for uniform Zi' dashed conical.

2;5/?_54
x

> Q_?

VA

T x\r
(@]

o Pl
2
|
!/

| ' : h
l : 1 ! : |
! s D N e |
-1 ! L 2 cs i i iy 1 ” ‘

] 0 t 4
0 'OP{,{“,N o'o 0 Fig. 5 x-t diagram showing stress
? distribution in elastic solid. ‘
Fig. 4 Wave transmission and Trapezoidal pulse applied; _ |
reflection from surfaces of 1-D pc/(pc)y o = 5. : |
{ i elastic solid in water, 2




64

Plenary Lectures

| LASER

ELLIPSOID  WATER TANK

Fig. 6 Experimental setup.

Fig. 7 Pressure trace on reflec-

tor at exit. Horizontal scale §
usec/div.

2 bk & T
\
\
\
1508 -
1
\
\
a |\
100 \ -4
\
S \Q
\ Q arOcem
N & 2+ 5 cm
\ -y

r (cm)
Fig. 9 Peak pressure normal to
reflector axis. 0.7J input;
dashes arve for model

p (otm)

p (amm)

PRESSURE
GAGE

| B
OSCILLOSCOPE

15
Fig. 8 Peak p':es(csn)re versus
distance from unconfined laser
breakdown in water.
‘ 1 T T T
| |
1004~ ' o
/ |
oA |
|
50~ | ]
! |
| |
| l
0 1 J 1 1
-10 -5 0 s 10 19
a (cm)

Fig. 10 Peak pressure along
reflector axis. 0.7 input.

N v




REALISTIC NUMERICAL SYNTHESES OF SHOCK-EXCITED
MOLECULAR SPECTRA
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York University, 4700 Keele St.,
North York, Ontario, Canada M3J 1P3

Realistic numerical synthesis of molecular spectra is a
powerful diagnostic research tool. It has been widely
applied to many laboratory, atmospheric, and astrophysic-
al circumstances. Synthetic spectrum programmes forx
specific applications, and of great flexibility now
exist. An example is given of spectral synthesis of the
high temperature high pressure G, spectrum applicable to
shock wave and combustion situations.

1. INTRODUCTION

For many years spectroscopy has been an important diagnostic tool for tho
study of physical conditions of gases in astrophysical, atmospheric and labor-
atory circumstances, including shock wave and combustion phenomena. In princ-
iple intensity measurements on well identified emission and/or absorption spec-
tral features of atomic and molecular species can provide information on
species concentrations (number densities), and on the degree of excitation, be-
cause both emission intensities and relative absorptions are proportional to
species concentrations. Knowledge of relative concentrations of various levels
of excitation allows for the determination of “temperatures" (gas kinetic,
rotational, vibrational, electronic, excitation etc.) which characterize the
gas when local thermodynamic equilibrium conditions exist, as is oftem the case
in shock wave excitation processes.

In optically thin circumstances direct diagnostic interpretation of
emigsion or absorption intensities of individual spectral features, ov light
fluxes in radiometer paass bands is fairly straightforward. There are however
experinental circumatances for which simple diagnostic methods are not appro-
priate. For example in the transieant high pregsure, high temperature conditions
vhieh occur in shock waves, the number densities arc often sufficiently high
that optically thick conditions occur. The emission spectrum is then controlled,
(see equation 4a below) by the absorpticn coefficient!. The temperature and
collislon frequencles are often sufficiontly high that Doppler sad collfsfon
broadening of aspectral features also occur. These effects have a significant in-
fluence on the appeavance of a spactrun and on which features lle {n radiometer
pasy bande. They call for special mothods of dlagnostic interpretation. While
the widthe of non-overlapped broadened lines can be uwsed in some circumstances
for diagnostic purposes, the principal effect of line broadening on the appear-
ance of molecular gpectra s partisl or total merging of adjacent lines. This
can make unambiguous identification of spectral features difficult.

Ia such cases 1t 48 very useful to be able to compare an experimental
spectrun profile vith a reslietically calculated synthetie profile, the form of
which f{e controlled by the relovant input data on the temperature and pressure
in the wource. Over the past three decades therefore, numerical apectral syn-
thesis methods of increasing power and flexibility have been developed and ueed
for diagnostic purposes in astrophysice, atmospheric science and chemical
physice. Synthetic spectra can Do used not only for disgnostics but also to aid
the ideniification and analyeis of complex wolecular spectra.
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2. THE PRINCIPLES OF SPECTRUM SYNTHESIS

Spectrum synthesis is based on the well known equations (la and 3a) for
spectral emission and absorption intensities. The integrated power of an emiss-
ion spectral feature arising from transitions between an U(pper) and a L(ower)
level is:

T, = ¥ Ny Ay, B (1a)

where K is a constant which takes account of units, vptical collection geometry
and instrumental response, Nj; is the species number density in the upper state
U, App, is the Einstein A coefficlent or transition probability per particle per

second, and is the energy quantum involved,
For diatomic molecular spectra, in equation (la)
EUL = hc/kUL = he VoL (1b)
4 3 3_2,- .
AU.L = (64“ /3hc ) VUL Re (tV'V") qv'vn SJ'J" (1")
N = (N/Q) exp(-E/kT) 14)

where VoL Yoo + AGv + AF (le),

J
is the wavenumber of the spectral feature which is determined by the spectral
structure constants im the vibrational (G(v)) and rotational (F(J)) eigen-
values?, R_ is the electronic transition moment of the transition, ¥ "W is the
r-centroid and q_, , is the Franck Condon factor of the band in quesgion and
S,y 38 the HUnY-Kondan factor for the band lined. Often in shock tube aspect-
roscopy the conditions approach local thermodynamic equilibrium, and the
Boltzman equation (1d), (im which Q is the partition function, N is the total
number density of the species and is the upper level energy) can be used to
predict the species population. If the species of interest are thermally formed
by chemical reactions in the ghock wvave, thermochemical methods have to be usged
to estimate N and its variation with T,

Equation (la) can now be written as a function of v to show how comtribut~
ions from the profiles of a nuamber of lines coutribute to the intensity at wave-
nunber v.

2 - 4 ,
I(v) » K i: HU ae (“V'V“) v v I chvn SJIJ" b(\’) (2)

whare b(v) is the Mne profile funection, and I is the summation over every
feature which contributos to the profile at wavenumber v, Numerical synthests
mothods for emission spectra use this equation te calculate I(v) at each of a
nunber of closely spaced grid points in v.

Similarly under optically thin couditions the spectral transsission of an
absorbing slab i given by:

1/t 0" exp{~1) (3a)

vhore 1 is the tncident flux and 1 is the emergent flux. t {s the optical
depth, which whea integrated over a spectral feature can be vrittea:

teNoX (3b)

vhere N {s the number density of absorbers, 0 ia the cross section per absorbor,
end X $s the path length. When M, absorbers of type L coatribute to the extinct-
ion at uavenumber v, eguation (3§

) becomss
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t=XIN o (3¢c)
{11
and Gi(v) = (8n3/3hc) v Rez(;qun) qvvvn ZV'V"J'J" SJ'Ju b(v) (34)

where b(v) is the line profile function. Numerical synthesis methods for
absorption spectra are based on these equations, and applications to the spect-
rum of oxygen are described in section 3 below. In the optically thick gases of
shock-tube spectroscopy, the absorption cross section o(v) controls the emiss-
ion spectrum through equations (4a,b,c)!. Spectrum synthesis of o(v) is thus of
great importance in emission and absorption applications of shock tube spect-
roscopy. Equations (4a,b,c) are also used to predict the radiation flux through
the passbands of shock tube radiometry™“’S,

I(v) = 3(v,T) (1- exp(-k'(v,T) X)) (4a)

where B(v,T) is the Planck function, and k'(v) is the absorption coefficient
with stimulated emission taken into account

k'(v,T) = k(v) (1-exp(-hv/kT}) (4b)
and k(v) = g Ni ci(v) (ac)

In order to use equations (2), (3) and (4) to perform numerical spectrum
synthesis it is necessary to:

i) Locate all line ceatres of the gpectral features.

1i) Place a normalized line profile function b(v) adjusted for each line
appropriate to the physical conditions at each line centre.

{ii)Adjust the amplitude of the profile to take account of transition
probability and population factors.

iv) Select a closely spaced grid of v-values, and at each grid point add
the contributions from each line vhose profile has a significant value at the
point.

These procedures result in the high resolution synthetic spectrum which
can ba plotted. The line profile h({v) normally takes account of combined colli-
sion {Lorentz) and Doppler (Gaussian) line shapes. A couvolutjon of these is
vell represented by the Voigt profile for which algorithms exist 7. In order
to produce a synthetic spectrum plot for cowmpariscon with an oxperisental pro-
file, the high resolution plot has to be degraded by convolution with an in-
strumental profile, A triangle function with a guitable half width can often be
used for this purpose.

For spectral synthesis the following information (s needed,

a) Molccular structure constants from which line centre locations may be
accurataly deterained from squattion {ie), ot “look-up" tables of line centre
locations. Firas molecular data ave not always availabla, particularly for
transitions between high quantum nuwmber levels, to enable line ceatres to bde
located accurately enough for adequate synthesis of high resolution spectra,
The jwportant compilation and ussessment of molecular structure censtants by
Huber and Herzberg® is fuvaluable. It reveals cases where insufficient rctatdon-
al conatent ioformation (nearly alvays derived from aspectra excized in lov teap-
erature exctitation sources, oi in absorption) exists for adoquate high resolut-
fon synthesis of the rotationsl features of high temperature shock excited
spectra.

b) The transition probability constants: electronic transition moment
Re(ri. Franck-Condon Factors Qur g and r-ceatroids r , ., Hdnl-London Factors
s 1yne Many wessurements of eléclronic transition mdedts and band strengthe
S = R “q, for numerous band systems have been reporteddin the licerature.

1,0
tibYes of®Franck-Condon factors and r-centroids have been pudblishedl €or many
band systems. Numerous analytic and nuserical molecular potentials have been
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used and a number of programmes now exist for routine computation of Franck-
Condon factors for realistic potentials (see eg! 0. Simple formulae for SHO
Franck-Condon factors existl! . Many data on H@nl-London factors exist!2715,

None of the data in the literarure on any of these quantities should be adopted
without critical scrutiny,

c) Line profile constants which determine the relative amounts of collis-
ion and thermal broadening which should be folded in to the Voigt profile. The
constants needed are the half widths of the Lorentz and of the Gaussian
effects. They depend on temperature, pressure and molecular structure constants
as seen in equations (5a) and (5b).

d) Thermodynamic constants of the materials to allow for calculation of
thermally excited populations of species and levels.

The earliest approach to spectrum synthesis was embodied in the concept
of Band Models in which a statistical approach is taken to distribution of
lines in a band and line profilea1 "19, Band models are often used to describe
intensity profiles of polyatomic molecular spectra.

In the 1960's there was great interest in the abgsorption and emission
spectral properties of high temperature air. A number of laboratories develop-
ed synthetic spectrum codea to calculate the low resolutiom spectral absorption
coefficient of heated air from the soft X-ray to IR, over a range of temperat-
ures from 1000 to 200,000°K taking relevant molecular electrunic and vibration-
rotation, atomic photoionization and free-free transitions into account. The
Spectral Absorption Coefficient of Heated Air (SACHA) code developed at the
Lockheed Pals Alio laboratories is an example of such a spectral synthesis pro-
gramme, in which low resolution calculations were made in O.lev bins for tabul-
ation, plotting and calculation of Planck and Rosseland mean absorption
coefficientsl? <9724,

The Atmospheric Optics laboratory of the AFGL has developed a wmost useful
set of synthetic gpectrum programmes for calculation of the spectral transmitt-
ance and radiance through the earth's atmosphere. AFGL also developed an
important compilation of spectral line parameters; locations, strougths and
widths of pertinent absevption lines of atwospheric molecules for use vith gome
of their synthesis prograsmes. This massive compilation centains 120,000 lines
of seven common atmospheric species and some trace ageciea from tha red end of
the visible to the microwave reglon of the gpectrum? . The best known of the
synthosis ptogrnfmes 18 the LOWTRAN series?’ for low spectral resolution cal-
culations (20cm™*). LOWIRAN uses a band model approach and has atwmespheric
uodelllng capabtlittes. For high resolution spectra the FASCODL prograwmee is
available®3, It calls on the AFGL atmospheric line data set and speeds up the
calculations by employing an approximate spectral line shape, Lorantz, Duppler
or Voigt, based on a decomposition algoritha. It alsc includes atwmospherdic
wodel features. Various AFGL roports refer to the HITRAN prograrme, used for
precision line by line calculations in small spectval regions. Exgsples of its
operations uay be found in the high resolution epectra generated in small
spectral regiocne around lager fthuenctesz None of chese programmes ate yet
applicadble to the syntheatls of shock excited spectra.

One of the €irst truly flexible prograsses to cslculate the intensity
distridbution of molecular spectra on & line-by~lice basis wvas developed at the
HASA Ases Regearch Center by Arnold, ¥aiting and Lyle’ 3031 ¢ treats emivsion
and abesorption epectra from clectronic transitiocng from dlnto-ic wolecules and
some atoms on a4 line-by-line basis 4in the spirit of equatione (2,.3,4) above. It
wvas developed for shock tube spplications, specifically to radicacter pase band
ncasurements32*3%, The capability of this programec has becn extended in our
laboratories over the past decsde and several vew prograunes have deen written.
They can be applied not ouly to shock excited spectra®® but also to discharge

excited npectraas aatrophyuiunl opectr-37 and to atwospharic transmission
studies in the ultravioletI®* 9 (afrared“?, snd microvave®! region of the
spectrum. .

i i
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An application of our programme to realistic synthesis of high temper-
ature high pressure 02 spectra is discussed in the following section.

3. SYNTHESIS OF THE 0, SPECTRUM BETWEEN 180 AND 300nm

When 0., is gubjected to shock wave or combustion conditions it can exper-
ience transieént temperatures of some thousands of degrees and transient pres-
sures of some tens of atmospheres. As an example of a recent spectral synthesis
which has application to shock wave conditions, a review is given here of a
synthesis of the spectral absorption coefficient of oxygen betweea 180 and
300nm, for temperatures between 300 and 3000°K and pressures from 1 to 50atm.
The absorption coefficient was calculated at high resolution, and, for compari-
son with experiment, was then degraded to instrumental resolutions. The princi-
pal aspects of the work are given below. A more detailed discussion is given in
reference 42, .

In the wavelength interval chosen, the 02 abgorption spectrum, which
originates from vibrational levels of the ground X“I state, has contributions
from bands and photodissociation continua of the Schumann-Runge (X3Z-B3X),
Herzberg I(X3I-A3L), Herzberg II(X3I-clI) and Herzbesg 111(x35-A'14) systems.
In addition, contributions are made to the absorption by a continuum of the
(0.), dimer. The three principal contributors to the absorption are, in order
of“décreasing wavelength, from bands (300-250um) and photodissociation con-
tinuum (250-180nm) of the Herzberg I system, and bands {200-180nm) and the
photodissociation continuum (195-180nm) of the Schumann-Runge system. The wave-
length ranges of these principal contributors are somewhat temperature-
dependent. The contributions from the Rerzberg II and III gystems are extremely
small, At the higher temperatures considered, account has been taken of absorp-
tion contributions from thermally excited lower vibrational levels up to v =
about 6. An objective selection procedure for these contributions is discussed
below. Input data used are as followa.

a) Molecular Structure constants: The constants from which iine locations
vere calculated were available in the literature?I'43

b) Transition Probability constants: Electronic transition momenks were
adopted from & critical roview of the literature3?. Franck-Condon factors (and
Franck-Condon densities for tha photodissociation continua) were calculated by
use of the TRAPRB programme of Jarmain and McCallum! O which first evaluates
Klein Dunhawm potentials for which vibrazjonal wavefunctions are determined,
Htal-Londen factors for effective einglat states were used?,

¢) Line profiles: The Voigt profile b(v) was generatad by Whiting's
apptoxlﬂa:ions which is economical in computer use., The profile is specified by
the effective Caussisn and lorestzian half widths vc aad “L given by:

Wo = 2v(2kT mlmz)“ LR (5a)

L aP(273.2/1)° cn'1

(5%)
and thedr ratio. P is pressuie in atwospheres and T {8 the tempersture in
degrees Helvin., a is 0.3 and & is 0.7, Prediescciation brosdening was added to
"L as appropriate.

4) Thermodynamic constants: Total nusber densities N of 0, wolecules were
interpolated from tables in the Awerican Institute of Physice Hindbook““ for
all 28 paire of temperature and pressure: T(*K) 3000,600, 1000{500)2000;
P{ata): 1,10,25,50, The relative populations in therwally excited vibrational
levels v of the XL state were cvaluated frem equation {1d).

In making these calculations it is neither practical nor nesossary to in-
clude all possible bande of tho Schuminn-Runge and Herzbeyg I systems in cach
case for their strengths vaty over wany orders of magnitude. A prelimicary
assesspent therefore was made of the relative intensitians of dande in each of
the v“=const prograssiocas to asecss which ehsuld be tncluded o the
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calculations. Figures 1 and 2 illustrate the results of this assessment for the
Schumann-Runge system at temperatures of 300 and 3000°K. They are semi-
logarithmic plots of relative band strengths vs wavelength. Bands which fall
above the dotted line in each case were used in the calculations.

High resolution 0, absorption coefficients are first calculated. Typical
spectral segments are 1ilustrated in Figures 3 and 4 in the 135 to 200nm range
for temperatures of 300 and 3000°K respectively. Figure 4 clearly shows well
separated lines of the (1,0), (2,0) and (3,0) bands consistent with the relat-
ive intensities of Figure 1. The spectrum of Figure 4 is much richer with in-
terlaced features of many bands consistent with Figure 2. Spectra were calcul-
ated at an increment of between 4 and 5 x 10™°nm with a total number of points
between 2.5 and 5 x 10°. At 300°K 3560 Schumann-Runge and 2297 Herzberg I lines
were included. At 3000°K 23,948 and 7790 lines respectively were included. For
comparison with typical experimental observations the spectra were degraded
numerically by convolution with a triangular imstrument function of full width
at half maximum of 0.05nm which was stepped across the spectral range in in-
crements of 0.0125nm. Examples of the resulting spectra are shown in Figures 5,
6 and 7 for 300, 1000 and 3000°K respectively. In each case the lower plot is
for 1 atm pressure and the upper plot is for 50 atm. pressure. As temperature
(and pressure) increase the spectral detail is quickly lost. At lower temper-
atures the absorption coefficient decreases by many decades with increase in
wavelength across the spectral range while at high temperatures the decrease is
only a few decades. To compare the results with those of the Lockheed SACHA
etudy23 the high resolution spectra were first degraded with a triangular in-
strument function of full width at half height of lnm which is comparable to
the bin width of the SACHA calculations. Figure 8 displays the comparison. The
increased absorption pradicted here arises from the inclusion of far mure
Schumann-Runge bands, the Schumann-Runge photodissociation continuum, the
Herzberg I bands and the (02)2 dimer continuum. Improved molecular coustants
were also used.

4, SIMMARY

The principles of numerical spectral synthesis have been reviewed and
illustrated with veference to the high temperature-high pressure absorption
gpactra of 02 in the ultraviolet.
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AUTO-IGNITION OF HYDROGEN BY A SHOCK~COMPRESSED OXIDIZER'

A, Sakurai
Tokyo Denki University,
Saitama, 350-03 Japan

In connection with the developement of diesel
type hydrogen fueled engine as one of the problems for the
future energy sources, nonsteady aspect of mixing and
autoignition of hydrogen jets injected into the air heated
by rapid compression are studied, The approach is in two
ways, The first one deals with an idealized setup to get
understandings of the basic features of the phenomenon,
and experiments are performed with use of a conventional
shock tube, where pressurized hydrogen gas is released
almost instantaneously through a small hole at the
endplate of the shock tube into a uniform air of high
temperature and pressure produced by the reflection of
shock wave at the endplate. The resluts are compared well
with the corresponding numerical simulation. The next
step is to study some more realistic features appearing in
actual engines mostly through the measurement of ignition
delay time on unsteady hydrogen jet in various
experiments.,

1. INTRODUCTION

Hydrogen is generslly recognized as one of the most promising as a future

fuel among the alternative energy sources which can be substituted for
conventional fossile fuels. There have been numerous attempts to apply
hydrogen to reciprocating engines, and recently a direct-injection type diesel
engine has been recognized to be promising as a hydrogen-fueled engine because
injecting hydrogen into the cylinder can prevent backfire and increase
volumetric efficlency. It is important in predicting the performance
characteristics of these engines to know the mixing process between hydrogen
and high temperature oxidizer,and the combustion process from the ignition to
flame formation. While extensive theoretical and experimental studies have
been performed on the steady jet issued into the isothermal atmosphere, few
studies on mixing sad combustion processes have been performed. In the
present study,attention is focoused on the nonsteady aspects of ignition of
hydrogen jet injected into the air heated by rapid compression,
The approach to the subject is in two ways: The first one deals with an
idealized setup of injecting & gas from a small hole into a uniform
atomogphere to get thorough understandings of the basic features of the
phenomenon, while the other studies the effects of actual situation such as
non-yniformity of the air,

* Review of a coordinated reseach under the Grant-in-Aid for the reseach on
energy from the Ministry of Education, Science and Culture,Japan {1]. Members
of the research group represented by the present author include,

T.Fujiwara & K.Hayashi (Nagoya Univ.) , F.Higashino (Tokyo Noko Univ,) ,
Y.Ishii (Tokyo Metropolitan College) , H.Kuniyoshi & A, Yoshida (Tokyo Denki
Univ,) , T.Suzuki & T.Adachi (Saitama Inst. of Tech.) , F.Takayama
(Electrotech.Lab) and S.Taki (Fukui Univ.).
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Two types of shock tubes-conventional and free piston-are utilized for
the rapid compression of the air, Hydrogen gas is injected through a
perforated end plate of a shock tube into the air compressed by the reflected
shock wave or the free piston. Mixing process of the jet with the surrounding
air is observed by sequential instantaneous schlieren photographs taken with
microflash stroboscope. When the ignition occurs, the luminosity of the
ignition kernel can be detected by a photomultiplier., In addition to the
above , the pressure and velocity changes with time in the test section is
recorded to an independent experiment and utilized for the time-resolved
quantitative analysis, The characteristics of the jet flame in the final
stage in the ignition process is necessary to be known and is examined by
another inlependent experiment,

A numerical model for hydrogen jets undergoing chemical reaction is
developed for the purpose of simulating the ignition process. It is utilized
extensively for the first part of the investigation to supply the
defficiencies of the information in the complementary of experimental
measurements.

2. INJECTION OF HYDROGEN INTO A UNIFORM AIR

It is reviewed in this section that the experiment and the numerical
simulataion of an idealized situation,where pressurized hydrogen gas is
released almost instantaneously through a small hole at the endplate of a
conventional shock tube into a uniform air of high temperature and pressure
produced by the reflection of shock wave at the endplate.

Experiment (Suzuki & Adachi){1,4,9,10]. Figure 1 shows the experimental
setup for conventjonal shock tube. The driver section is 1.65 m long and the
driven section is 6,0 m. The required temperature of the air in a test
section is achieved by presetting the pressure ratio.

Fuel gas stored in a chamber is injected through a small nozzle into the
driven section by the rupture of the diaphram which separates the fuel chamber
from the test section. Several pressure transducers(Kistler 603B) are flush-
mounted on the shock tube wall in order to measure shock velocities and to
trigger the driver circuit of the power supply of a pulsed-laser which
ruptures the diaphram to inject fuel plume. The timing of the injection have
to be regulated precisely, and it is set 0.5 ms after the arrival of shock
wave at the end plate. The time reguired for fuel to issue from the end plate
through a small nozzle is about 0.0l12 ms after laser beam is emitted for the
pressure range measured.

Numerical simulation(Takayama, Taki, Fujiwara, Hayashi and Sakurai
[1.2,5!& The equations of a chemically reactive, multi-component,
axisymmetric, viscous, and heat conducting gas flow in a quasi-conservation
form are utilized and a simplified one-step reaction model of three-body
collision along with the reaction vate K [16] is employed as follows:

Ho+ 50p+M-->Hz0+ M q,

k=8.76x10T " *exp (~16900/T) cu*moleMsec™

where M represents the third body and q, the exothermicity of the reaction,
The chemical species appearing in the moéél are hydrogen, oxygen, nitrogen and
Hy0, which are assumed to be perfect gases, The following expression is used
for the mixture viscosity coefficient u:
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u=CeZXsuaT"2 g/cm/sec
1

where g; is the viscosity coefficient of species i at the temperature T, and
C, a constant, representing the effect of turbulence and is assumed 1130 to
the present calculation, The heat conduction «nd mass diffusion coefficients
are obtained assuming Prandtl's and Lewis' numbers as one,

The utilized numerical scheme is the explicit second-order MacCormack
method, which is found effective for nonsteady phenomena containing both shock
wave propagation and turbulent diffusion. The computer program is coded
according to the following procedures: The basic equations are transformed to
one-dimensional equations with respect to x(axial) and r(radial) directions
using the time-splitting method, and then the transformed equations are
discretized by the MacCormack method along with the FCT smoothing
technique[14,15,16,18].

The boundary conditions are set in general to simulate the experimental
situations, while some of them are changed for the convenience of actual
computation, It is assumed that a hydrogen gas having the stagnation pressure
608 KPa and the temperature 300 X flows isentropically through a sonic throat,
and spurts out through a hole on the end wall of a shock tube with the
pressure 321 KPa, the temperature 250 K and the velocity 1202 m/s at the exit.
The air is assumed to consist of nitrogen and oxygen, being initially at rest,
of which the pressure p; is 101 KPa while the temperature T; is set to one of
300, 1000, and 1400 K,

As an example, the physical properties used in the calculation to the
case of initial air temperature T; = 1400 K are given in Table 1.

Jets. As a preliminary investigation, the mixing of the oxydizer
with fuel gas by using an inert gas in place of a fuel gas is examined.

A typical example of the schlieren photographs of the spurting gas is
shown in Figure 2{(a).

An advancing shock along with the reflected one can be seen in front of
the spurting gas. Figure 3 shows the measured trajectries of propagating
shock front and hydrugen jet.

Numerical simulation corresponding to this preliminsry case of inert gas
is performed under the condition that the air is initially in rest with its
pressure and temperature of 101 KPa and 300K, so that no ignition can accure.

As an example of the results the density distributions at the instants of
t = 40 and 90 us are shown in figure 2(b), and compared with the
corresponding experimental schlieren photographs,

The positions of the hydrogen jet and shock fronts obtained from the
numerical calculation are plotted against various times end compared with
those from the experimental measurements in Figure 3,

The propagation characteristics of the front shock wave represented by
its preasure-distance relation at the center line as seen in Figure 3 is
compared with that of ideal point source blast wave in Figure A(Sakuruf §
Takayama [3]), vhere is the reduced distance normalized by the factor W /
with the equivalent energy value W determined for each case from the formula
in Ref[17],

It is seen in Figure 4 that a salient feature of the flow field behind
the shock can possibly be described by the one given by the point source
theory.

The computed velocity and hydrogen density distributions as seen in
Figure 5 reveal the structure of the hydrogen jet : The density is high in
front and core regions of the hydrogen jet; whereas it is low in the
circumferentiel region, where mixing of hydrogen and air strongly occurs; the
velocity in the jet core is high and a vorticity appears in the expanding
frontal region.
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The pressure and velocity changes with time in the test section is
recorded in an independent experiment (Kuniyoshi [19]) and utilized for the
time-resolved quantitative analysis. An example of the velocity measurements
is shown in Figure 6.

Ignition. Ignition delay times obtained in the experiments are
plotted in Figure 7, vhere the abscissa is the reciprocal of the oxydizer
temperature Tg behind the reflected shock. The delay time here is seen to be
larger than that for the premixed gas, indicating that a certain amount of
duration is needed for unsteady mixing before ignition.

The numerical simulation to this later stages of the phenomenon is less
accurate in comparison with that for the previous case of initial stages.
Nevertheless it can represent a feature of the ignition process, as seen in
Figure 8, where the amount of H,0 generated is shown at 0,262 us for the case
of initial air temperature 1000&.

The amount of H,0 produced by the chemical reaction strongly varieg
depenging on the initial air temperature ; for instance , approximately 107

g/em”® of H.0_is pr%guced in the case of T; = 1400 K, while it is reduced down
to only 1 -1 g/cm” at Ty = 300 K.

The temporal behaviors of the temperature and H,0 density distributions
are shown in Figure 9 to the case of T; = 1400 K, Tt is seen that the region
having a high temperature as well as a high rate of Hy0 production advances to
the vight with the speed of approximately the one for the flame propagation
of 3 m/s suggesting the start of ignition followed by the propagation of a
flame front. In fact, the ignition delay time ty = 150 us for Tc = 1400 K,
determined from the experimental data given in Figure 7, is consistent with
the time scale appearing in Figure 9.

3, EXPERIMENTS ON VARIOUS EFFECTS

Results of experiments to investigate some more renlistic features in
sctual engines sre reviewed here,

The effect of the turbulence to the flame i{s examined by an independent
experiment (Yoshida [19]) where a steady hydrogen jet flame surrounded by air
flow of laminar or turbulent type is investigated. Typical example of the
sunll~ren photograph of the jet flame is shown in Figure 10,

Piston compression. (Higashino, Shioneri & Sakurai [1,7,8,]). Effects
of higher pressures in oxidizer are examined with use of a free pistonm shock
tube, The pressure history is seen to be similar to that experienced in a
cylinder of an actual reciprocating engine. Free piston shock tube consists
of a steel driver section and a stainless steel driven section. The driver
section is 1 m long and has a circular cross section of 70 mm in inner
diameter, The driven section is 2 m long and has a circular cross section of
26,7 mw inner diameter, An aluminum test section of 65 mm long and 26 mm
inner dismeter is set at the end of the driven section to investigate ignition
of hydrogen gas injected into it, A solemoidal valve is mounted at the center
of the end plate to inject hydrogen gas. Four different sorts of pistons are
tested, They are 0.01 kg and 0.022 kg teflon pistons, 0.099 kg duralmine and
0.029 kg steel pistons, Measurements of pressure and the emission of light
due to the ignition are made with use of a piezo electric pressure gauge and
photomultiplier,
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Throughout the experiments, air is used not only as driver but also as
driven gas., The ignition delay is defined as the duration required for the
photomultiplier to detect a signal of a specific level from the fuel
injection, Oxydizer temperature Tc is calculated from the incident shock
velocity measured with a universal counter. Moderately heavy piston is
necessary to get a higher stagnation pressure in the test section and the
piston of 0.022 Kg is used.

The experiments are carried out in the region near the ignition limit of
900 K, which is known as an autoignition temperature for premixed gas. The
ignition of the hydrogen jet is determined by the obserbations in pressure
change and self luminescence due to combustion, Typical traces on the
synchroscope are shown in Figure 11. The upper and the lower traces show
respectively the pressure and the light emission histories with time. The
pressure jump and the light emission due to combustion can be observed in
Figure 11(a), indicating injected hydrogen being ignited in this case.
Whereas, in Figure 11(b), light emission is observed, but there is no jump in
the presure, meaning that no steady combustion occurs in this case. Figure
12 shows the ignition delay time t; , plotted against the reciplocal of the
tewperature Tm, which is the mean value of the temperature during the period
between the instant of the injection and that of the ignition. The initial
pressure in the test section in this case is 16 KPa and the 0.099 Kg piston is
used. In the figure, the open and the closed circles correspond respectively
to the cases of ignition during the compression process and the expansion
process. These data expressed by the closed circles are qualitatively
reasonable although these are some ten times higher than the usual values for
premixed gases, Naturally, the reason of the difference can be attributed to
the duration needed for unsteady mixing of hydrogen and air before ignition.

Interaction of jet with shock wave. (Ishii, Higashino, & Sakurai {11,
12, 13, 19}). The interaction phenomena of the jet with the shock wave is
investigated in some devail in connection with the problem of the timing of
fuel injection, Experiments are made with use of s nondiaphram shock tube
at temperatures near ignition temperature limit, Experimental setup is as
follows: The low pressure section is 4.5m long, hoas a square cross section of
40 x 40 mp“ aend has observation windows near the end plate, Hydrogen gas
stored in commercial cylinder is injected into the test gection through an
orifice on the end plate of the shock tube. Injection is contrelled by a
solenoid valve in the pipe connectiong the gas cylinder to the shock tube,
The valve is trigpgered by an electrical pulse and remained apen £or 54 ms,
The Slow rate of the hydrogen through the orifice of the end plate is about
2 cm”’/ms measured at STP, The fuel is injected into the test chamber for 8,5
to 11 mws before the reflection of the incident shock waves at the end plate,
The strength of incident shock Mach nemers renped between 2 and 3. Pressure
change belind the incident and the reflected shock wave is measured with
pressure tranceducers mounted on the side wall of the chomber. Although a
uniform region of temperature and pressure is obtained behind a reflected
shock wave in the test section the interaction of the jet with the shock wave
can occur depending on the timing of injection, A typical schlieren
photograph and a schematic of the interaction between the reflected shock wave
and the jet are shown in Figure 13, and the trejectory of the apex A of the
bow shock wave determined from successive schlieren photographs are shown in
Figure 14, The maximum temerature at A estimated from its trajectory is two
times higher than the value in the absence of the jet.

The ignition delay time for various spurting timings of hydrogen jet are
determined from the photomultiplier output and plotted against various
injection time t; in Figure 15. The measured ignition delay time is several
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times greater than the existing data for premixed gases, It is seen that
ignition is controlled by the mixing process between hydrogen and air for
higher temperature region. Whereas it is limited by reaction rates for the
relatively low temperatures.

SUMMARY

Necessity for studing the nonsteady aspect of ignition of hydrogen jets
in connection with R and D of a diesel type hydrogen engine as one of the
problems of fyture emergy sources is stressed.

A few different types of shock tubes as well as numerical simulation are
utilized to clarify the mixing process between hydrogen and high temperature
oxidizer and the ignition phenomena. The ignition delay time determined on
various cases is roughly several times greater than the existing data for
premixed gases,
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Table 1. Physical Properties
{ Initial Air Temperature T; = 1400 K )

Species Cpi erg/g/K M g/cm/se;/sz
N2 1.23x107(1400K) 1.06x10°
0; 1.14x107(1400K) 1.33x103
Hz 1.60x10%(1400K) 1.33x1073
H:0 3.09x107(3000K) 6.47x10°
H
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SHOCK WAVES IN HELIUM AT LOW TEMPERATURES

H. W, Liepmann and J. R. Torczynski

Graduate Aeronautical Laboratories
California Institute of Technology
Pasadena, CA 91125

Shock waves are a powerful probe of the physics, thermodynamics, and
fluid mechanics of helium, particularly at low temperatures and moderate
pressures. Gasdynamic shocks in helium vapor have attained Mach
numbers around 40 witk minimal side wull influence. When such shocks
are incident upon the vapor-superfluid inteaface, measarements of
reflected and transmitted wave strengths may be uced to study the boun-
dary conditions across the evaporaiing iateriace (not all are known).
Transmitted pressure shock waves in the superfluid may cross phase boun-
daries, prodvcing the (normal) liquid or solid phases. Temperature shock
waves exist in the superfluid and are easily produced and observed, exki-
biting some features similar to shocks in a tiuid near its critice! point. The
relative velocities produced by strong temperature shocks (around 10
m/sec) are ocders of magnitude larger than those in steady chanael
counterfiow, so that these shock cxperiments shed new light on the
mechanism that ultimately limits the counterflow, Morcover, since the
relative velocity i3 both a dynamic and a thermodynamic vanable of the
superfluid, the chemical poteniial equation ¢f stete may be measured in
previously inaccessible thermodynamic regions. Such shocks also provide
3 means of producing metastable liguid by crossing the vapor-superiivid
coexisience curve without cavitation. Finally, the evaporating interface
boundary conditions may be studied by schlicren photography of teinperas
ture shock waves impinging oo the vaporsliquid interface foom Lelow.

1. INTRODUCTION

Several interesting featurss are apparent in the thermodynamics af helicm at low teiapeiatuces and
muoderate prossures (see Figure 1.1). In common with other substances, He' has a liguid-vapor coexistence
cusve terminating in a critical point, with 7, = 8.2 K and p. = 2.3 atm. However, unique o helium is the
fact that the low-temporatuse/low-pressure condensed phase is 0ot a solid. Rather, He' has mwo liquid
phasrss, denoted He |, the higher temperature and rathey ordinary Hguid phase, and He 11, the lower tem-
perature superfluid phuse. The coexistence cuive around 2.2 K that sepanates these regions is called the
A~line, referring to the loganithmic shape of the specific heat anomaly, much Hike those occurning in some
solid state phase transitions. Note that helivm does not solidify under its own vapor pressure, & result of
s large quantum mechanical uncerfainty energy. Tnsicad, pressures croeeding 25 atin arg required to form
the solid phase. Morcover, below 0.8 K the slope of the solid-liguic coexistonae curve is slightly negative,
50 the superfluid phase has the lower antropy.

Shock wawes may be produced in any of these thermodynamic reglons afthough of principal interest
bere are the vapor and superfluid phases. Even al low temperatures, heltum vapor is well chavactenizod as
an ideal gas, with ¥ = 573, away from the eritical point. As tuch, it admits the stanidand gasdyoamic shock
waves. Supstfluid helium, on the other hand, has e modes of wave propagation in e bulk fluid, as
pradticted by the rwaflubd madel,! ™ which is discussed below. Like other liquids, superfluid helivm admits
pressure waves, veferred 10 a8 first round. However, in He U heat transport takes place by an internal con-
veution process involving the relative motion of the two fluids, called counterflow. Just as first sound is
associated with the mass flux and the pressure, the heat flux amd the lanperature give rise to another type
of wave, called sevond sound. Large amplitude waves of cither type steepen o form shocks, as noled by
wxany jovestigatos X
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2. GASDYNAMIC SHOCK WAVES

Shown in Figure 2.1 is a schematic diagram of the cryogenic shock tube.” Two features distinguish this
shock tube from most others. First, the diaphragm consists of mylar wound between two spindles. This
spool mechanism permits changing the diaphragm (up to 70 times) without opening the shock tube interior
to the atmosphere, making operation of the cryogenic shock tube both economical and practical. More
important, however, is the fact that the driven section of this shock tube is at a very low temperature
although the driver section is at room temperature.

The advantages of a cryogenic driven section are seen from ideal shock tube theory. The "shock tube
equation” is given by

1)4 —1a M} _ l]-Z‘{J(Yc— 1}
Py ntlay M, | '

L+ 2nly + D77 - 1)][1 - 2.0

where regions 4 and i refer to the driver and Jdriven sections, respectively, and af = y;R; T; gives the sound
speed. As pgfpi — oo, this equation has as its limit

1Y
tn+ian [[in+tal ] )
M, 2y ~-1a +[{2 -1 a 1 (22)

For helium with y = 5/3, this equation simplifies to
-——l = 4[ ] (2.3)

13
Thus, with Ty ~ 300 K and T, ~ 3 K, shock Mach numbers around 40 are niz anseasonable,

+ 2
As T, is decreased, the predictions of ideal-gas/ideal-shock-tuhe theory are mure and more closely fol-
lowed, as shown in Figure 2.2. This is becwse boundary layer offects a2 the side walls are minimizsd due
to the reduced viscosity at low temperatures. Moreover, rea) gas effects such as radiation and ionization
are unimportant for even the strangest of shocks. The gas temperature buhind the shock is bounded by
Ty € 257, which is small when compared with teimperatures carresponding to the above phenomena.

Ty

——

M,-Z

There ase many areus of possible application” open to the cryogenic shock tabe. Cne use in the study
of superfluid hetium involves reflenting gasdynamic shocks from the vapor-superfluid interface. Such an
event! shown in Figures 2.34, is of interest because one of the boundary conditions holding across the
steadily evaporating interface is unknown — the reflected and transmitted wave strengths caml be calou
lated without making an assumption about the unkuown boundary condition. Thus, the prodem can in
orinciple be jnverted by making shock strength measurements. As a postseript, if this type of 2
tranmission-refloction experiment had been parformed prior to the two-fuid ideas (it casily could have
been), then the consequent unexpectsd experimenial discovery of second sound would have pointed owt
the insufficiency of “one-Buid® dynamics to dascribe superfiuid belium!

3. SHOCK WAVES IN SUPERFLUID HELIUM
3.1, The Two-Fluld Model

As mentioned above, when the temiperature is lowered below 2.2 K, liquid halium undesgoss a phase
transition somewhat sitvilar to Bose condensation. He I is oflen referved to as a guantum fTutd since
quanium meshuanivs s macroscopically important in its description.  This can be seen by cohsidenng the
retio 2 of the deBroglie wavelength A, the leagth scale of ‘quantum® effects, to the interatomic spaciag d
for molecules of mass m.

0-A._2A
d  dimk)*

{3.1)

Far most liquide, m and T are both large, and d is typécally at least a fev Angstroms. Thus, Q is small,
For helium at 2 K, @ is of order unity, so cach atom interacts quantum micchanically with its neighbors.

The intportance of quantum mechanics for He 1! is manifested in the neod fo? ihe two-Buid model,
which describes He 1 as being a mixture of two fuids, the normal and super componcats, baving deasities

¥
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px and p, and velocities ¥, and ¥, respectively.!”2 The total mass density of a fluid element is given by
P = Py + ps, and its velocity is just the center of mass (CM) velocity pV’ = py¥y, + p,¥;. Instead of pn, ps,
Vi, and ¥, it is often more convenient to use p, &, ¥, and #, where § = p,/p is the normal mass fraction
and W = ¥, — ¥, is the relative velocity. Note that # is a Galilean invariant. Also, w? is the thermo-
dynamic variable that is canonically conjugate to & The chemical potential is thus a function of three
vaviables, p = u(p,T,w?) where dp = p~'dp — sdT — %Edw?, The equations of motion are the conserva-
tiun cquations for mass, momenturmn, and energy. However, since there are extra variables, there are addi-
tional squaticns constraining the motion. The superfluid equation states that eiements of the super com-
nonex:t are accelerated by gradients in the chemical potential. Also, ¥, is constrained to be irrotational
away from singularities (line vortices), with circulation quantized in multiples of h/m. See Landau and
Lifchiv.* or London? for full (and unsurpassed) accounts of the two-fluid model and Feynman® for a dis-
cussion of circulation quantization.

Since there are two components, two densities, two velocities, and so forth, there are two “sounds” or
modes of wave propagation in the bulk fluid. First sound is a pressure-density-velocity wave, just ordinary
sound. It is a useful and accurate approximation to assume that the coefficient of thermal expansion van-
ishes, so that p is independent of 7" and s is-independent of p. Hence, perturbations in the temperature
and relative velocity are virtually nil, so the two components move as one. The acoustic speed of first
sound is then given by the familiar formula

i K]
at [99,’ (3.2)

with typical values around 230 m/sec. Second sound is just the reverse, involving temperature, entropy,
and relative velocity. Perturbations in the pressure and CM velocity are very small for the reason given
above, so there is no mass flux (the two components move oppasitely) although there is & hear flux
T = p,sTW. The acoustic speed of secoud sound is

p,83T

- . 3
af = S (33)

which is typically around 20 m/sec although it vanishes at the A-line.
3.2. Pressure Shock Waves

As demonstrated in Figure 2.3, pressure shock waves can be produced in superfluid helivm, Weak st
sound shocks are well described by the relativas given by Khalatnikov.!

Ma sl bl 4
17 paf 34
A= mi{;%l'tn(m.) (3.5)

A, the steepening cocfficiont of first sound, ‘s always positive, so oaly compression first sound shocks exist
in superfiuid helium.

Figure 3.0 shows phase disgram trajectories of a fow shocks, produced as described in § 2. Note tha
the transmitted pressure shock starting from 7, = 2.095 K crosses the a-line (state 65, so the A-transition
occurs within the thock fronl? An x~1 diagram of this case venfies this f3ct — 1o tnasmitted temperature
shock is produced. For two other cases, T, = 1,959 K and 2.031 K, after the transmitted shock reflects
from the shock tube end wall, it crosses the A-line (state 7). When it intersects the tansmitted temperature
shock, the laster disappears sinve second sound does not exist in He 1.

Phase changes to the solid are in principle possible but have not as yet been attempiod. Heating of the
Buid by pressure shocks is nol a problem since these shocks are nearly isothermal (the very small tempera-
tune jump is actually megative). The most promising method of producing sufficiently strong shocks would
peobably employ & shock ube with an arca vanation rather than ene with a higher performance driver
(higher pressurc, beated, and/or hydrogan).
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3.3. Temperature Shock Waves

As mentioned above, in superfluid helium the relative velocity # forms a third thermodynamic variable
along with the pressure p and the temperature 7. It is impossible to produce large relative velocities with
steady channel counterflow: wall effects restrict values of w to around | cm/sec for a tube of reasonable
size. Temperature, or second sound, shock waves generate very large relative velocities and thus open new
therraodynamic regions to exploration.

Generation of second sound shock waves is straightforward. Just as a mass flux is necessary for an
ordinary shock, a heat flux is needed for a second sound shock: the heat flux is associated with the relative
velocity (g = p,sTw), just as the mass flux is associated with the CM velocity (/ = pv). A “thermal piston”
or heater is made by passing current through a thin film nichrome resistor (Joule heating), which has been
vacuum-deposited on one of the shock tube end walls, an optically flat quartz substrate. Temperature
waves are detected using superconducting thin films, typicaily located at the opposite end wall. These
superconducting sensors are operated at the midpoint of the superconducting transition (see Figure 3.2) so
that a small temperature perturbation gives ris¢ to a large resistance perturbation. A biasing electromagnet
placed behind the sensor allows the transition temperature to be shifted to the desired experimental tem-
perature. These sensors operate in the MHz range, with typical sensitivitics of | V/K. [They can be more
sensitive — Roesgen'? attained values around | kV/K.]  Figure 3.3 shows an oscillograph from such a
sensor of an initially rectangular temperature profile that has evolved into a shock front, a uniform region,
and an expansion fan.

Nonlinear second sound was first observed by Osborne® and Dessler and Fairbank.® Weak second
sound shock waves are predicted to obey the following equations of Khalatnikov.*

M-+ 18] (3.6)

8 =1|-&| 1o 22 G3.7)
57),° T ‘

Aw | P AT (3.8)

ay  ps T

A graph aof B, the steepening cocfficient of second sound, is shown in Figure 34. Away from the Aline, B
is positive, s0 sccond sound shocks in this reglon are temperature-mising. As the A-line is neared, however,
B becomes nogative and large, so here the shocks are temperature-lowering. In this latter case, the shocks
are akin to rarefaction shocks, commonty seen in fuids ncar thair critical points. One can imagine an ini-
tially rectangulsr temperature pulse spanning the region from B positive to 8 acgative. In this case shock
waves formn at both the leading and the tailing edges of the pulse. The resulting deuble-shack pulses®
(s¢e Figures 3.5-6) are a subtle and striking venfication of e nonlineas two-fluid model using shock waves,

Tumer examined the predictions of Khalatnikov for weak sovond sound shocks. At low heater powers
he found that an initially rectanguiar haite amplitude teriperatute profile underwent the expected non-
tinear evolution, as in Figure 3.3, Mogoover, temperature juinp and arrival time (Mach number) data was
in quantitative agreement with Eqs. (3.6-7). For larger hester powers, Turner observed systematic deviz-
tions (see Figure 3.7), as well us modification of the temperature profile (see Figure 38). He found a
bound on the relative velocity produced with second sound shocks, the so-called shock Hmir, shown in Fig-
ure 3.9,

)
e %“7 (3.9)

Here x = h/m is the quantum of circulation? of thevmally nucieated quantized vortex rings. '™

Torczynski confirmed the role of quantized vorticily generation in causing the shock limit.'* Moreover,
e demonstrated that this limiting phenotenon oocurred only as the shock entered the fluid at the heater
— 2 shock ocnoe produced could be arbitranily and harmnlessly strengihened away from the heater by using
a shock fube with a converging conical channel'? (see Figure 3.10). Indesd, no timitation on w away from
the hesler was found, even with an aea change of 3:1. The strongest shocks produced in this way had
temperature jumps of 87 mK and celative velocitics cxcoeding 10 myfsec (at the small end of the channel),
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based on the numerical results of Moody and Sturtevant.!? These relative velocities are orders of magni-
tude larger than the observed steady counterflow values and are respectable when compared to a; = 20
m/sec and v; = 58 m/sec (the Landau' criterion — a minimum velocity for momentum exchange
between the super component and the wall it flows past).

The large relative velocities that can be set up with second sound shock waves strengthened away from
the heater open the way to measure the relative velocity dependence of the chemical potential equation of
state (recall § 3.1). The dependence of p on p and T with w = 0 is well known from Maynard’s data.!”
However, for large w, the functional form of y = u(p,T,w?) is not known. The approximation most often
used is to set

Ko, T.w?) = k(0,T,0) - %, T,0)w?, (3.10)

essentially keeping only the first term in a Taylor series expansion of the differential relation in § 3.1 (for
example, Moody and Sturtevant!?). The lack of an exact equation of state when w is large hinders precise
numerical prediction of the state change produced by a shock wave. However, this problem may be
inverted: the exact equation of state may in principle be deterrnined by numerical analysis of Mach
number and temperature jump data from second sound shocks of varying strengths and initial states.

Associated with a second sound shock wave are jumps in all thermodynamic quantities, not just the
temperature. The pressure jump across a second sound shock is small and negative.

Ap = —pe, T(AT/TY (3.11)

This raises the possibility of using second sound shock waves to produce a phase change, but not by cross-
ing the phase boundary usually considered, the A-line. Since the pressure jump is negative, it is possible to
cross the vapor-superfluid coexistence curve by a decrease of pressure. Table 3.1 shows a comparison of
the pressure jumps of the strongest converging shocks and other relevant pressures, !>

Table 3.{. Pressure jumps across strong second sound shiocks.

T, p(SVP) Apthydro) p, Ap(Khal) Ap(Moody)

1605  3.83 2,00 7.83 -4.65 -19.05
1.5 5.60 2.00 7.00 -4.96 -11.61
1463 3.00 2.00 5.00 =3.55 -14.71

The Khalatnikov and Moody predictions are contrasted. The initial pressure for these experiments is
about 2 Torr higher than the saturated vapor pressure because of the hydrostatic head, as indicated. In all
cases, the coexistenve curve is crassed, apparently without cavitation. Furthermiore, the more exact numer-
ical solutions of Moody suggest that tensile stress was put on the liquid. It is possible that this effect may
be explaited to study a metastable liquid.

Sccond sound shock waves are also good probes of the evaporating vapor-superfluid interface. As stated
ahove, not all of the boundary conditions across a steadily evaporating interface are known. This can be
understood since there are extra dynarnic and thermodynamic variables for He 1l which have no analog for
the vapor. Thus, when a secand sound shock of known strength impinges on the interface with a given
angle of incidence, the strengths and angles of the transmitted and reflected shock waves canant be caleu-
lated. Measurernent of these wave strengths and angles provides a way to evaluate hypothetical boundary
conditions. Figure 3.11 shows a schiieren photograph of a sccond sound shock wave reflecting from the
vapor-superfiuid interface.’® A remnant of the incident second sound shock is barely visible where the
reflected thock (the fine dark line) intersocts the interfsce (the broad durk line) at the side wall. A gas-
dynamic thock (the light line) is also transmitted into the vapor. This photograph nicely illustrates the sen-
sitivity of angle measurements with respect to the nonlincarities involved. The reflected second sound
shock travels into and is coavected by the relative velocity field established by the incident shock. If this
effert were ignored, the Mach number of the reflected shock based on the interface angle would be less
than unity. Proper inclusion of this effect yields a reasonable value for the Mach number.
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4. CONCLUSIONS

Shock waves are verv useful in studying low-temperature helium, Gasdynamic shocks can have

extremely high Mach numbers while avoiding many other difficulties associated with strong shocks and
shock tubes. Both gasdynamic and second sound shocks can be reflected from the vapor-superfluid inter-
face to probe the boundary conditions during evaporation. First sound and second sound shocks can be
used to induce and study phase transitions. Finally, second sound shocks produce relative velocities orders
of magnitude larger than other techniques, forcing helium into otherwise inaccessible thermodynamic
states, and thus allow further measurements of the equation of state.
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THE REFLECTION OF A REGULAR REFLECTION QVER A SECONDARY RAMP
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An analysis is presented of the various shock wave
configurations which will occur when a regular reflection
propagating along a straight wedge encounters a sudden
increase or decrease in the slope of the wedge surface
which changes from ol to 2. It is shown analytically
that three different reerct?on processes may be expected
depending on the incident shock wave Mach number (M;) and
the two wedge angles (o) and 82). The anaiytical predic-
tions have all been verified experimentally.

1. INTRODUCTION

Regular reflecticn is one of the two major types of reflection of a shock
wave over a solid surfacel. In the case of an air burst explosion, for
example, a spherical b'ast weve is gemerated. During the early stages of its
interaction with the ground surface the reflection of the blast wave is regular
{figure 1a). As the blast wave propagates outwards the reflection changes to a
Mach reflection (figure 1d). Either reflection may encounter a sudden
campressive on expansive change fn the slope of the reflecting surface. To
calculate the pressure distridbytion along such a surfice an understaading of
the interaction of a regular or a Mach refiection with a secondary wedge is of
importance. The analysis to be presented aims at establishing both the
reflection processes and final shock configurations of 3 regular reflection
encountering 3 sudden fncrease or decrease in the slope of the wedge surface.

2. ARALYSIS

A compressive and an expansive double wedge are iTlystrated in figure 2.
The slopes of the first and second wedges are e& and 03, respectively, and the
siope of the sscond wedge with respect to tie first is

e ol . ol
4o, = 6% - 8 (n

1f ae, > 0 the double wedge is concave and if Ao, ¢ @ the double weilge is
convex. The reflection over any double wedge depends on three parameters: the
incident shock wave Mach nusber, M, and the first and second ueﬁ?e angles. 9;
and 02, respectively, The pheno:egon will be described in the (o_, o) plane,
but, ?inee the phenosenan also depends on the incident shock wave Mach nuaber,
N, the (g, 62) plane preseatation is valid for a fixed value of N, oaly.

The (ol, al}) plane §5 shown fn figure 2. Equation 1 fa this plame is
described by straight lines with 45° slopes along which ae, is constant. In
the region above the line for which 48, = 0, ag, > 0 and the doudle wedge §s
concave. Below this line s, < 0 anc the double wedge is convex. Since the
present paper is concerned with the reflection Of a regular rsflectian over a
secondary ramp only the region to the right of the line o} = e%et ity be
considered (02%% {s the “"detachment® wedge angle for a g?ven Vncident shock
wave Mach number, Wy, at which transition from regular to Kach reflection fs
expected to occur).
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If e& > et the incident shock wave reflects from the first wedge as a
regular reflecgionz. This regular reflection propagates up the wedge until it
encounters the leading edge of the second wedge and negotiates it.

Region 1

Since 48, > O the wedge is concave 1ike. The 1naigent shock wave reflects
over the first wedge as a regular reflection (e@ > ewe ) and upon encountering
the second compressive gegge the wave angles are changed but the reflection
remains regular (62 > 6:°").

The reflection ?rocess in this region is shown in figure 4 for ea = §5° and
82 = 75° (a8, = 20°}. The regular reflection over the first surface appears in
figure 4a  while the final regular reflection over the second surface is

clearly seen in figure 4b.

Region 2

JUnlike the previous case, here a6, < 0, and therefore the wedge is convex
like. The 1ncidegt shock wave reflects over the first compressive wedge
regularily (eg > 8 et). Upon encountering the second expansivs gedge the wave
angles are changeH but the reflection remains reguiar (ea > ewe Y.

The reflection process in this region is shown in figure 5 for e; = 65°
and 93 = 50° (46, =-15°). A shadowgraph of the regular reflection over the
first surfare s shown in figure 5a while & shadowgraph of the final regular
refiection over the second surface is shown in figure 5b.

Subregions 1a end 1b, 2a and 2b

The pressure Py behind the reflected shock of the regular reflection over
the first wedge is in general different from the pressure P.. behind the
reflected shock of the reguiar reflection over the second wedge. Thus when the
reqular reflection encounters the second wedge (compressive or expansive). The
pressure at the reflection point suddenly changes from P.c to P... Such a
sudden change in the pressure must be supported by "an ungieady wave of finite
amplitude or a finite amplitude band of waves"3. We may therefore expect that
the rafiection point on the second wedge will be followed by either compression
waves {or a shock wave) or expansion waves depending upon whether the
Sransiticn caused a sudden pressure decrease or increase. Figure 6 shows the
pressure ration behind the reflection point of a regular reflection as a
function of the reflecting wedge angle 6, for a given incident shock Mach
number, M, = 1,3, The pressure ratio Pr/Po goes through a minimum at about
07 60°. éonsequent1y, in the double wedge reflection process now heing
considerec three pressure change behaviours are possible. If, in the example
for My = (.3, 6! = 50° and 02 = 60° then at transition from the first to the
second wecig thg gressure be“ind the reflection point suddenly drops. However,

W

if ol = 69% and 02 = 85° then at transition the pressure behind the reflection
poin¥ suddenly increases. There could also be a case for which there is no
pressure change at transition, e.¢., 8l = 55° and 62 = 65.775°. Thus,
different flow patterns ars to be fipected behind tne second reflection point
according to these different pressure changes.

‘The added dashed line in figure 3 divides each region inte two subreglons
1a &4 b and 22 & b. In subregions la and 2b the reflection process involves a
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transition from a high pressure regular reflection tu a low pressure regular
reflection (H - L) while in 1b and 2a the transition is from a Tow pressure
regular to a high pressure regular reflection (L + H}. Therefore in subregions
la and 2b ft is expected that the reflection over the second wedge will be
followed by a shock or a compression wave, while in subregions 1b and 2a the
second refiection is expected to be followed by an expansive wave.

Figure 6 indicates chat for the given wedge angles compination of the
experiment in region 1 there is a transition from a Tow pressure RR (figure 4a)
to a high pressure &R (figure 4b), As mentionad earlier this sudden pressure
drop behind the refiectio. puint must be supported by a shock wave. This shock
wave is clearly seen in figure 4b. For the experiment in region 2, the
transition ic from a high pressure RR (figure 5a) to a low pressure RR
(figure 5b). Consequencly, in this case the sudden pressure change is
supported by a rarefaction wave (figure 5¢t.

Region 3

The double wedge is again convex like {a6, < 0). The inc&dgnt shock wave
reflects over °'2 first wedge as a rejulay re¥1ection (sl > gl€%y, Upon
encountering t: . . 9nd expansive wedge tge incident shogk ane {ind itself
propagating ovee : wedge angle e& < e&e from which 1t can reflect only as &
Mach reflection. Therefore the regular reflection terminates and transitions
into a Mach reflection,

The reflection process in this region is shown in figure 7 for al = 60° and
82 = 30° (a8, = -30°). A shadowgraph of the regular reflection ovell the first
sirface is clearly seen in figure 7a. When the reflection point of this
regular reflection encounters the sudden change in the slope of the surface it
takes off to form a triple point of a Mach reflection. As can be seen from
figure 7b, the formatfon of this Mach reflection is associated with a corner
generated rarefaction wave. A clear Mach refiction over the second surface at
a later time {s shown in figure 7c.

3. CONCLUSION

The reflection process of a regular reflection over a compressive on an
expansive corner has been andiysed using the basic concepts of the reflection
of a planar shock wave over a single wedge,

The analysis suggests three different reflection processes which have all
baen verifiad experimentally.
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COLLISION OF MACH REFLECTIONS WITH A 90-DEGREE RAMP

J.-C. Li and . 1. Glass
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Toronto, Canada

The collision of nonstationary oblique-shock-wave
Mach-reflections with a perpendicular ramp on a 20°-wedge was
investigatad interferometrically and numerically. Single-Mach
reflection (SMR) in air, complex-Mach reflaction (CMR) in air and
double-Mach reflection (DMR) in carbon-dioxide were studied at
incident shock Mach numbers Mg of 2.40, 3.94 and 5.77,
respectively, After the collision of the Mach stem with the
perpendicular ramp, very complex interactions occurred among
shock waves, nonstationary rarefaction waves, quasi-steady
expansion waves, contact surfaces and boundary layers. The
1sopycnics were evaluated and are presented and discussed for the
various reflection processes.

Based on the self-similarity of the shock-wave.diffraction
process and the results of three-shock theory, a reasonable
treatment of discontinuous surfaces is given and combined with a
modified fluid-in-cell numerical method to solve the flow fields
for the SMR case. A comparison of the present numerical results
with the experimental and other current numerical data shows
reasonable agreement with the various flow isolines, especially
near the leading edge of the wedge.

1. INTRODUCTION

The interaction of a spherical blast wave with a planar surface, which
impedes the normal path of the blast wave, can be reasonably treated as an
obl tque-shock-wave reflection over a wedge, providin? the spherical flow has
developed enough to resemdle its two-dimensional equivaient. The equivalent
wedge angle is geometricaily related to the incident wave anrgle made between
the blast wave ard the surface. If there are obstacles on the planar surface,
such as buildings or other structures on the ground, the phenomenon of
shock-wave diffraction becomes very coaplex. The observation and understanding
of this interaction are of fmportance not only to engineers interested in
blast-wave loading but also to aerodynamicists interested in the properties of
the flow fteld.

The simplest laboratory experiment that can be designed to study this
problem quantitatively is to use the shock-induced flow over a wedge with a
90°-ramp in a shock tube and utilizing infinite-fringe interferametric
techniques. A number of computaticnal fluid dynamicists have tackled such
problems and made cany improvements tn the numerical simu)ation of
nonstationary oblique-shock.wave reflections (Ref. 1), 1If good agreement can
be obtained between the experimentally-measured isapycnics and those
calculated numerically, then it will lend confidence in the computational
methods for spherical flows generated by height-of-burst explosions, where
experimental results are naot readily obtainable. Much more data can be
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obtained numerically for flow-field quantities that are usually very difficult
to measure experimentally. Consequently, this would ultimately reduce the cost
of conducting complex blast wave experiments in the field.

2. ANALYTICAL CONSIDERATIONS

Regardless of the type of nonstationary oblique-shock-wave reflection,
the flow field generated by a wedge is self-similar with respect to time since
there is no characteristic length associated with the diffraction (Ref. 2).
The entire shock-wave diffraction pattern is amplified linearly with time.
Since the planar incident shock wave moves with a constant velocity, the
phenomenon of nonstationary oblique-shock-wave reflection can be considered to
be pseudo-stationary in the frame of reference attached to the reflection
point in regular reflection or the first triple point in Mach reflection.

Then the flow quantities can be assumed as uniform in each region near the
reference point and found from the oblique-shock-wave equations (Ref. 3). In
case of the colliston with a 90°-ramp, the relations for the normal reflection
of a shock wave (Ref, 4) are added to evaluate the properties behind the
reflected Mach stem. It is reasonable to assume that the Mach stem is
perpendicular to the wedge surface (this is not always the case in practice
and leads to error in analytical expressions for the triple-point-trajectary
angle y, see Ref., 5) and the properties immediately behind the Mach stem are
uniform,

In the present experiments, the highest incident shock Mach numbers in
air and CO, were less than § and 6, respectively, Dissociation and ionization
¢an be negfected for all of the present experiments (Ref. 5). The vibrational
relaxation length of nitrogen behind the incident shock wave is about 1 m for
the CNR experiments in air (Ng~3.9, Pg=2 KPa and T,~300 K) (Ref. 3). The
vibrational relaxation length of oxygen, however, ?s about 10 mm at the above
mentioned conditions (Ref, 3), It is reasonable for this case to treat air as
935 in which only oxygen is excited, For the SMR experiments in air (Mg~2.4,
Pq=6.67 KPa and T,~300 K) both nitrogen and oxygen can be treated as frozen.
For the DMR experiments in CO, (Mg~5.8, Pqe1.33 KPa and Tg~300 K) the
vidraticnal relaxation length of CO, is about 0.2 mm, hence C0, behaves as an
equitibrium gas for vibrational excftat1on {Ref. 3).

3. EXPERIRENTAL NETHODS AND RESULTS

The UTIAS 10 cm x 18 cm Hypervelocity Shock Tube was used to conduct the
experiments for the present study. Cold helium was employed as a driver gas.
Medical-grade atr and coamercially-2vailable carbon.dioxide of purity
exceeding $9.8% were used as the test gases. The iacident shock velocity was
cbtained by measuring the traverse time between several Atlantic LD-2%
piezoslectric pressure transducers flush-mounted in the »all of the channel.
The absolute error in calculating the fncident shock Mach number can be
estimated by means of a procedure ocutlined in Ref. 6. For air the absolute
error s 0.03 at Mg=2.40 and 0.06 at Mg=3.94; for CO, it is 0.09 at
Ng=5.77. Three different incident shock Mach numbers (2.40, 3.94 and 5.77)
were chosen to cbtain SHR and CMR in afr and DR ¥n CD,. In the present
sxperiments, the scatter in the incident shock Mach numbers Mc ranged from
2.37 to 2.44 for SNR, and from 3.88 to 4.00 for CMR and from 5.69 to 5.86 for
DMR, owing to the non-repeatability of the bursting pressure of the
diaphraga,

A 23.cm dia field-of-view Mach-Zehnder interferometer in an infinite-
fringe mode was used to study the density field of the reflection pattern.
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The values of density can be evaluated in regions near the first triple point.
Just after the collision of the incident shock wave or the Mach stem with the
ramp, the density behind the regular-refiected shock wave or a normally-
reflected Mach stem can also be given. The densities in these particular
regions were used as starting points to evaluate the isopycnics. For the
purpose of this study, a 20°-wedge with perpendicuilar ramps having heights of
12.7 mm, 25.4 mm and 50.8 mm, respectively, was mounted at two locations in
the shock tube to show clearly the change of the diffration patterns with
time.

A series of infinite-fringes interferograms are presented in Figs. 1.7,
along with their tabulated density values, to illustrate the process of the
collision of a Mach raflection with the 90°-ramp. Before the collision of the
Mach reflection with the ramp, the shock-wave-diffraction pattern, as shown in
Figs. 1 and 2, is independent of the ramp. The flow field around the model is
self-similar.

After the incident shock wave or the Mach stem impinges on the ramp, the
flow field around the ramp becomes very complex and strongly dependent on the
height of the ramp relative to the triple point. If on collision the Mach-stem
height exceeds the ramp diagonal {e.g. Figs. 3, 4 and 5), the incident shock
wave cannot impinge on the ramp and the Mach stem is divided into two parts.
The lower part of the Mach stem is normally reflected from the ramp and
diffracts arcund the upper corner of the ramp. The upper tail of the reflected
Mach stem gradually weakens and finally catches up with the originally
reflected shock wave, The upper part of the Mach stem continues on,

Just after the collision, between the ramp and the normally-reflected
Mach-stem, there exists a stagnation region (region 4 in Fig. 3}, in which the
density, pressure and temperature have their highest values, until the
nonstationary rarefaction wave fills the region. The rarefaction wave is
generated by a large difference of pressure between the stagnation regton and
the one behind the upper Mach stem. In front of the ramp, the propagation of
the rarefaction wave causes the originally.stagnant gas to be accelerated to
supersonic speed. This is similar to the phenomenon observed in the driver of
a shock tube. In order %o be parallel to the top of the ramp, the flow behind
the rarefaction wave has to turn to the top and be further accelerated through
a Prandti-Meyer expansion. Across the nonstationary rarefaction wave and the
quasi-steady expansion wave, the density, pressure and temperature reduce to
thetr wintmus values in the «icinity of the upper corner of the ramp.

The interaction of the expansion wave with the upper Mach stem causes it
to be curved but perpendicular to the top surface. The density and prassure
behind the upper Mach stem {s much higher than that near the upper corner of
the ramp (see Figs. 3 and 4). A second shock wave is generated to match the
pressures behind the upper Nach stem and the expansion waves. The second
shock wave appears to be very sharp near where the density and pressure have
their miniaum values, It weakens gradually and becomes a compression wave far
away from the top owing to the increasing pressure behind the expansion waves.
As time goes on, the reflected Mach stem meets and interacts the slipstream
{Figs. 3, 4). After the collision, the reflected Mach stem is transmitted and
the contact surface is deflected. At same time, a shock wave can be reflected
from the contact surface (Ref. 7). However, it 1s too weak to be seen owing
to tts {nteraction with the nonstationary rarefaction wave, A increase in
density {s observed in a narrow region behind the reflected Nach stem, pechaps
owing to the vibraticnal-relaxation process of oxygen in air. it is seen that
the rarefaction wvaves are no longer planar because of the different
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temperatures and resultant sound speeds on the two sides of the slipstream.
The wave propagation is faster in the higher temperature region adjacent to
the ramp wall than in the other. This is why the isopycnics undergo a
transition upward to higher density. A bifurcation of the reflected Mach stem
appears near the isopycnic marked u (Fig. 4), as it interacts with the wall
boundary layer.

After the collision of a DMR with the 12,7-mm high ramp (see Fig. 5),
the upper part of the reflected Mach stem Sg collides the first reflected
shock wave S, and the second reflected shack wave § o+ The second Mach stem S,
passes through the expansion wave and weakens. The f-rst contact surface C,
is Taminar initially and then becomes turbulent and interacts with the
expansion wave E. The upper part of the first Mach stem S, is curved and may
be bifurcated to ensure that it is perpendicular to the top of the ramp. The
interaction of the reflected Mach stem S, with the boundary layer on the wedge
surface is so strong that it generates a lambda shock configuration. The
temperature behind the reflected Mach stem S, is high and strongly nonuniform.
The heat radiation causes the change in the temperature field ahead of the
reflected Mach stem and generates an additional density pocket. There appears
to be a shock-compression wave S, at the end of the expansion wave E to match
the pressures behind the first Hach stem 5, and expansion wave E and to have
the flow parallel to the top surface.

If on colliston the Mach-stem height is smaller than the ramp
diagonal, the incident shock wave first collides with the ramp and it is also
divided into two parts as shown in Figs. 6§ and 7. The upper part continues on
along the top of the ramp. The lower part, in general, interacts with the
ramp as a regular reflection except for very large wedge angle. The
regular-reflected shock-wave diffracts around the upper corner of the ramp. A
nonstationary rarefaction wave and a quasi-steady expansion wave exist in the
region surrounded by the regular-reflected shock-wave. The upper tail of the
regular-reflected shock-wave gradually weakens owing to the interaction with
the expansion waves, After the collision of a SMR with the ramp, a stagnation
region (region 4 in Fig., 6) exists between the ramp and the
normaily-reflected Mach stem. The reflected Mach stem meets and interacts
with the slipstream and gives rise to a transmitted shock, a deflected contact
surface and a reflected shock, which appears too weak to reflect from the ramp
surface (Ref. 7)., Simultaneously, the regular—reflected shock-wave collides
with the originally.reflected shock-wave and generates two transmitted shock
waves, Again a shock-compression wave exists between the tncident shock wave
and the expansion wave,

For the DMR case (Fig. 7), the phenomenon is more complex. The
protrusions P, and P, caused by heat radiation exist ahead of not only the
reflected anh stem § » but also the regular-reflected shock-wave S,. The
bifurcation of the re?lected Mach stem S, is very clear. Between the ramp and
the reflected Mach stem S,, there exist some vortices affected by the strong
rolling up of the first sfipstream. The reflected Mach stem S, sweeps over
the second Mach stem S¢ and the first reflected shock wave §,.  The first
reflected shock wave 51 is reflected from the ramp to form a ‘hew shock wave
Ss-

4. NUMERICAL NETHOD
The Euler equations of motion govern a nonstationary two-dimensional

flow, that is, continuity, momentum and energy equations. These nonlinear
partial differential equations can be written in terms of three independent




Li and Glass: Mach Shocks Colliding with a 90-Degree Ramp 109

variables: time, t, plus two space dimensions, x and y. Under the assumptions
of an inviscid, non-heat-conducting flow, these equations can be written in

a Cartesian coordinate system (see Ref. 1l for details), and solved using a
modified fluid-in-cell (FLIC) method.

5. RESULTS

Based on the foregoing numerical method, simulations were done for
single-Mach reflection in perfect air. A set of contours for various
properties were obtained and compared with the state-of-the-art numerical
simulation performed by Glaz (Ref. 10). Very reasonable agreement was
obtained for the wave system shapes and isolines of density, pressure,
specific internal energy and velocity components along the x- and y-axes and
along and normal to the wedge surface. As expected, the FLIC-method was not
capable of handling the ramp problem. This was done in Ref, 10,

6. CONCLUSIONS

An interferometric study was made of the collision of Mach reflections
with a 90-degree ramp. Before the collision of the Mach stem or the incident
shock wave with the ramp, the flow phenomenon is self-similar; but not so
after the collision. The height of the ramp relative to the triple point
determines the type of reflection pattern. Because of the interactions among
shock waves, nonstationary rarefaction waves, quasi-steady expansion waves,
contact surfaces and boundary layers, the phenomenon becomes very complex. On
the whole, the colliston of the CMR with the ramp is similar to that of the
SMR except for the different shapes of the refiected shock wave. However, for
the collision of the DMR with the ramp, the vortices caused by the strong
roliing up of the contact surface and the protrusions generated by heat
radiation are also observed. Such flows can only be evaluated numerically by
solving the Navier-Stokes equations and then comparing the simulations with
the present interferograms.,

Based on the seif-similarity of the shock-wave-diffraction process, the
solution of the three-shock theory, and a reasonable fit to the discontinuous
surfaces, a modified fluid-in-cell (FLIC) numerfcal method was used to solve
the flow field for the single-Mach-reflection case. Despite the simplifica-
tions made in the present numerical method, much information was obtatned,
such as, flow-field density, pressure, specific internal energy and velocity.
A comparison of the present numerical resulis with the experimental isopycnics
shows fair agreement, especially near the leading edge of the wedge. A
comparison of the present simulation of the flow field with the more reliable
state-of-the-art numerical-results of Glaz (Ref. 10) shows reasonable
agreement for the vartous isolines. Further detafls can be found in Refs. 1,
9, 10 and 11,
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Fig. 1 Collisfon of SMR with a 90°- Fig. 2 Collision of DMR with a 90°-
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T,2297K, pg=.38%107% g/em?,
A=69434, 4p/pyp=1.27.

Fig. 3 Collisfon of SNR with a 90°- Fig. 4 Collision of SMR with 3 90°-

ramp fn air at Mg=2.40 and
t=166 ps, 64=20°, £+134 ma,
he25.4 wa, P.=6.67 XPa,
T,e297K, poe].82x10-5 g/cad,
\269434, &p/pg=0.39.

ramp in atr at Ng=2.43 and
te201 ps, §=20°, £=134 am,
h=25.4 mm, P,=5.67 KPa,

T =296k, per].84x10-% g/cad,
A=60434, 4p/py=0.39.
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Studies of shock wave Mach reflection processes in conical con-
tractions where the final wall angle is achieved in two equal steps
are reported in this paper. This is an approach to the examination
of shack movement into contoured noxzles and contractions. For
a given cone apex angle, a number of possible reflection patterns
have been identified depending on the primary cone length. A
computational method based on the ray-shock theory has been
developed from that for single cones. Experiments have been
carried out using pressure transducer measurements at the cone
centreline and holographic methods for internal axisymmetric flow
visualization. The calculations and experimental measurements
show good agreement and indicate that the major effect of the
primary cone is to increase the Mach stem length or its sirength
depending on the reflection pattern. The flow visualization ex-
periments, still in the preliminary stage. confirm the anticipated
curvstures in both triple-point trajectories and Mach stem.

INTRQDUCTION

Mach reflection processes have been extensively studied (from Smith’ to. {or example,
Hendetson et al®} in the plane two-dimensional cases where a shock impinges on a wedge
of shallow angle and are generally well understood although many details require further
elucidaticn. tn internal axisymmetric cases, a limited number of studies are available, these
being much more difficult becayse of the tack of suitable Rlow visualization techniques but are
impeiant because the inward moving disturbances can develop very high pressures within
ductwork. The reinforcement of a shock wave in a convergence is essentially refated to the
reflection patterns established duiing its progression through the contraction and the larges
axisymmetric area reduction is obviously of great significance when compared to the plane
two-dimensionai ¢ase.

tn the very early stages of a conical Mach reflection, the ratio of the duct radius to the
veflection pattern dimensions approaches infinity. At its onset. the refiection should therefore
be identical to that of a shock wave reflecting from 2 plane wedge. Thus, for a shock wave
moving into a conical nozzle or contraction of wall angle less than about 45°, a Mach reflection
should ensue. As the Mach stem progresses towards the centreline, the accumulation of
distutbances into the smaller area available should cause both the Mach stem and triple-point
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trajectory to develop significant curvature. This problem has been studied computationally and
experimentally by both Setchell et al* and Ducng and Milton*. No internal flow visualization
of this phenomenon has been available to date and the above curvatures have been imputed
from the close carr=spondence of calculation and experimental measurements taken at certain
limited positions (e.g. the centreline and the wall) by use of pressure transducers. Multiple
Mach reflections arise when a second wedge or cone of increased angle is placed downstream
of the first. This has been examined by Takayama et al® for two consecutive plane wedges
and by Milton® for a plane wedge preceded by a radius. A study of a two cone configuration
is a first step in examining shock interaction with a curved axisymmetric contraction.

in summary, this research aims

{i). to extend existing calculation procedures and experimental techniques to examine Mach
reflection caused by two consecutively mounted cones

{ii} to examire the resulting internal axisymmetric Mach reflection processes using holo-
graphic t~ .niques for flow visualization.

SHOCK FT7LECTION PATTERNS WITHIN MULTIPLE CONES

The complete internal refle tion pattern within a single cone has been previously explored®*
Frc . the available calculations and experimental data, it appears to be similar to that occur-
ring within an equivalent two-dimensional wedge shaped contraction except that the curvature
in the triple-point trajectory in the conical case brings the centreline shock jump positions
tloser together allowing more reflections within the total length. By smoothing the entry to
a plane two-dimensional area reduction, it has been shown® that the Mach stem length is
increased. In the axisymmwtric case, a similar smooth entry may be regarded as a series of
trurcated cones of increasing wall angle. For this study, two cones only are considered. each
turning the wall direction ir equal increments to the final value.

A number of reflection patterns are pessible depending on the truncated length of the
primary cone. When the shock impinges on the first corner, the triple-point trajectory (TP1)
will be initially identical to tha: whi would occur for a complete primary cone. The Mach
stem from this reflection interacts with the second corner forming an additional triple-point
trajectory (TP2). The major complaxity occurs when the triple-point trajectories intersect
giving two basic configurations which are readily identifiable. If the primary cone is less than
a defined length, the triple-point trajectories intersect before reaching the centreline and a
single, modified Mach stem should continue to progress downstream as in the plane two-
dimensicnal case. |f the primary cone exceeds this length, TP1 will reflect at the centreline
and intersect TP2 further downstream. These two reflection configurations are shown on
Figure 1 designated as Types 1 and 3. Also shown are the limiting cases for both the above
giving a total of five configurations, arbitrarily classified here with increasing primary cone
length as Types 0, 1, 2, & and 4. A Type O pattern is that established when the primary
cone is of zero length and is simply the single cone with half-apex angie equai to the tota!
wall angle. This is the basic case with which comparisons can be made. Type £ is the case
‘vhere the trajectcries meet exactly on the centreline and it thereiore separates the two basic
cases. Type 4 is the intersection which occurs when TP1, reflected from the centreline reaches
the wall exactly at corner 2. Further increases in the primary cone length would resuit in a
repeat of the above cases except that they would now be preceded by one complete cycle of
reflections frem corner 1.

COMPUTATIONAL SOLUTIONS

The computational scheme usad here has been described previously* for single cones and
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is based on the ray-shock theory (Whitham?). Little additional modification is required for
the present study of shock interacticns with two {or more) cones.

The major differences in treatment are due to the TP intersections as discussed previously.
Figure 2 shows the ray POGQ through the intersection point. For the flow above ray POQ, no
addition to the basic scheme is required. That is, calculations proceed through TP1, entry
Mach numbers to TP2 are caleslated and the reflection after TP2 follows. Essentially each
corner is a separate calculation. For Type 2 configurations, this completes the two-corner part
of the calculations, analysis then reverting exactly to that applied to a single cone. For Types
1 and 3, further assumptions are necessary. To start the calcuiations below ray POQ, the
ray direction OQ and the Mach number at that point are taken froin the calculations of the
fiow above it. This defines a boundary for the iower part of the flow field. The Mach number
of the shock exiting from the reflection may now not be identical above and below OQ. This
iz particularly noticeable with Type § configurations due to its additional re-reflection from
the centreline. As two immediately adjacent sections of a shock cannot move in the same
direction with different velocities an adjustment needs to be made to the direction of OQ.
orienting it at a slightly lesser angile to the centreline.

(3} Type 1 Reflections

Typicat results are shown on Figure 3 (M, = 2.4 4 = 1.4, 10°-20° cone). These resuits
can be compared with those for a single 20° cone* and <an be seen to be generally similar. The
effect of the primary cone is to alter the position of the first triple-point trajectory, centreline
intersection point moving it slightly upstream away from the cone apex. The length x from
this point to the cone apex is plotted on Figu:2 4 for a range of cases and has been normalized
against the equivalent single cone. It can be seen from the figure that the primary cone length
is the major variable affecting x and hence the stem length. Incident shock Mach numbers in
the range considered have only a small effect as does isentropic index. The two-step entry to
a cone of larger semi-apex angle (i.e. in these cases 20° compared to 10°) results in a bigger
percentage increase in Mach stem length at the centreline location. Thus a greater gain in
shock strength should be achievable by a cone of gradual entry when that cone has a larger
apex angle.

(b) Type % iiefiections

Results are shown on Figure 5. The first position on the centreline where both comers
influence the shock front is now closer to the apex and is downstream of the initial TP{,
centreline intersection. It is not until this point is passed that a general similarity to Type 0 or
Type § reflections appears. In this region, further increase in primary cone length reduces the
relative size of the Mach stem. However, the Mach stem now becomes progressively stronger
due to the increasing influence of the re-reflection of TP1 from the centraline.

EXPERIMENTAL WORK
Pressure Teansducer Measurements

The basic experimental work for this project was carried out in a 180 mm dismeter shock
tube described previously!. The test sections wese a 5°-10° and a 10°-20° cone combination
both with a primary cone length of 1.343 times the shock tube radius. Incident shock Mach
numbers of M, = 1.47 £0.02 and 2.40 +0.02 in air were used. The technique for locating the
shock wave was to use an upstream facing pressure transducer on the end of a stiff centreline
probe inserted through the cone apext. The probe was moved incrementally with each of a
large number of runs repeated under the same initial conditions, thereby giving a full centreline
assessment of shock strength, Jumps in strength indicated the arrival and re-reflection of a
Mach stem at the centreline.
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Results are given on Table 1, The length of the primary cone is such that these should
be Type 3 reflections. The first jump is due to the unmodified triple-point trajectory from the
first corner while the second and later jumps arc caused by the combined trajectories from
both corners.

JABLEL
Cone Incident Distance From Apex x/L | Shock Mach No.
Combination Jum
(Primary Cone Length Shock Nco.p Measured | Calculated |Measured| Calculated
R = 1.343) Mach No.
1.47 i 0.65 0.628 134 1.38
5°.10° : 2 0.55 0.529 - 2.20
1 0.695 0.681 1.40 1.42
240 2 0.555 0.559 - 2.60
1 0.43 0.408 144 1.50
10°-20° 14 2 0.32 0.307 - 2.80
3 ¢.09 0.069 - 3.60
24 i 0.485 0.482 1.7 1.80
) 2 0.38 0.340 2.23 2.60
3 0.09 0.0M 3.45 3.80

It can be seen that good agreement exists in the shock location. From Figure 6 it can be
seen that a very rapid fall-off in Mach number exists on the centreline immediately following
the second and third jump positions. The possible error in determining the Mach riumber
is therefore very much higher than that in locating the shock. Hence, additional runs were
required to fully explore the Mach number close to thesa positions. This was only carried out
in the 10°-20° cone with M, = 2.4 and so information on Mach numbers is limited. However,
for the data obtained, the 2greement is reasonable.

Flow Visualization Techniques

Flow visualization for internal axisymmetric Mach reflection is extremely difficult and has
not been used previously. However, because of the expected complexity of the wave patterns,
experiments have been commanced. These are still under development but preliminary material
is available.

In order to render the shock waves visible within a conical contraction. two approaches
using holographic methods were examined. These were:

{i) An arrangement similar to a shadowgraph in which a parallel beam of light is passed
through a transparent test section with an aspheric external surface. This maintains
the light rays parallel to the original direction through the test section. This method
has been described by Takayama and OncZsra® and is referred to simply as holographic
interferometry,

(i) A diffuser is placed in the light path just before the test section, which uses a simple
cylindrical external surface. This is referred to as real time holography.

For both methods pulsed light from a holographic ruby laser was used, split 60:40 between
the vbjert beam and the reference beam.

Holographic Measurements

With the first method, a simple cone of 10° semi-apex angle was machined into a trans-
parent section with an aspheric outer surface similar to that previously reported *. The cone
was conaected to a SOmm diameter shock tube. For the real time holographic experiments, a
multiple 10°-20° semi-apex angle cone {primary cone length ¢/R = 0.532) was machined
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into similar transparent material and was connected to a 100mm diameter shock tube. Both
shock tubes used air as the test gas with a Mach number M, = 1.75 or 1.76 3-0.03.

The holographic interferometric observation gives a clearer photograph with better spatial
resolution but it requires test sections which are difficult to construct, With the real time
holography. the position of the triple-point and the shape of the main shock front and Mach
stem can be adequately observed. Results for the single 10° cone are summarized in Figure
7 and show a distinctly curved triple-point locus as predicted by the calculations. A slight
backwards curvature in the Mach stem is also observable and corresponds to the increasing
ray angle near the centreline. With the aspheric lens, the diffraction of the light rays slightly
displace the shock along its axis. This has been calculated as 0.292R on the centreline.
Calculations modified for this distortion are shown on Figure 7 where good agreement exists.
The results for the multiple 10°-20° contraction are shown on Figure 8. There is again good
agreement with experiment.

CONCLUSIONS

Computational techniques based on the ray-shock theory and used previously to calculate
reflection patterns for a shock wave moving into a single cone have now been extended to
multiple cone combinations. This allows examination of the effect of a gradual approach to
the contraction and is a first step in the study of shock movement into contoured nozzles and
contractions. For the double cone case, a number of different reflection patterns have been
identified, the pattern depending on the primary cone length.

Experiments have now been carried out using centreline pressure transducer measure-
ments for the double cones and holographic flow visualization methods for both double and
single cones. Good agreement has been obtained with calculations, particularly at the highest
Mach number tested. With the holographic methods, a transparent test section with a single
10° half-apex angle cone machined inside and an aspheric outer surface gave good clarity.
However, diffuse, real-time holography allowed a simpler test section. Here, the clarity was re-
duced but the shock wave shapes and triple-point position could be adeguately distinguished.
These flow visualization techniques confirm the computational predictions that the triple-point
trajectory has substantial curvature and the Mach stem a small curvature. These experiments
are still in the preliminary stages and further data is required.
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IRREGULAR SHOCK DIFFRACTION SYSTEMS
L.F. Henderson
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A new criterion is proposed for the transition between
regular RR and Mach MR reflexion. It is based on the
minimue surface pressure condition which occurs for
example when a plane shock diffracts over a concave
corner. Although experiment indicates that the new
criterion is invalid for rigid adiabatic surfaces it
may possibly be relevant for liquid or flexible surfaces.
An exact expression is presented for it, A detailed
classification scheme and topological map in (gi,ew)
coordinates is presented for the shock systems that
occur during diffraction.

I. INTRODUCTION

If a plane shock 1 of inverse strength §,; = PglP1 diffracts over a concave
corner of apex angle 9, in a gas with vatio of specific heats Y then the pres-
sure P, on the surface of the ramp just downstream of the reflected shock r can
be calculated by the von Neumann theory® provided that the shock system is a
regular reflexion RR. Figure 1 shows that Py at first decrcases with decreasing
8, (or increasing shock incidence W, » /2 - 0,) until it reaches a winimum
Py = Poyps but after that P; increases rvather rapidly, so there is a sign change
of 8(?,}9.)/38w at Py ~ P, Subsequently the pressure reaches a waximum and
then a further decrease in Su will result in transition to an irregular reflex-
ion IR, such as a Mach reflexion.

In this paper wo present an expression for the minimum pressure point and
propose it as a possible criterion for the onset of IR for the spocial case
when the reflecting surface is flexible., In addition we consider the sequence
of IR systems that occur as Ow varies from ®/2 to zero with constant (Yai‘)

2. THE MININUM PRESSURE COWDLTION
2.1 The condition

It is obtained from the RR theory by doeriving 3(Pz/P.) /3w, = 0. If

we =t and x Fosindy o, the result ds,

Byx® + Bax? + Bax? + Byx + B, « 0 9]
where,

Bu 2 16V(1-£)7 [-(v+1) + 2(v41)E, + (3v-1)E, %)

By 2 32v(1~§ )7 [(v41) + (v-1)g,)? )

B2 £ 41V + (v-1) £ 17(-(3v™48v+1) + 2(-v eay#l) €, + (v (Y-1)E,°]

1 8l(vH) + (y-1) £)°

Bo 3 ~(3=M{(y+1) + (v-1) € 1"
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2.2 The condition as a criterion for the onset of irregular reflexion

Suppose there is a hinge at the corner so that the pressure applied to the
rigid sloping surface causes a clockwise torque T, to be exerted about the hinge
Figure 2. Suppose also that T; is balanced by an"equal and opposite torque T,
applied by the surroundings to the system. Finally let the walls be adiabatic
The system can now be regarded as a purely mechanical one because it may ex-
change virtual or actual work with its surroundings but not heat. When
ﬂ/Z < Oy < Opgns then by Figure 1, 3(P»/P,)/38 < 0. Hence if 6, is reduced by

(for exauple by reducing T, by dT,) then the system will respond by tnducing
P;VPO, and restore the torque equilibrium. It is concluded that the system is
stable. However, if 6, > 8, > 85, then 3(P,/Po)/38, < 0. The sign change
means that an infinitesimal reduction in 6 and T, will now cause P,/Pg to
increase so that Ty > T, and the system becomes unstable. This suggests that
the regular reflexion should undergo transition at O = 6,4, O Wy = Wyqy, to
some other system such as Mach reflexion. However, experiment does not support
this. The discussion so far has ignored the effect of the corner signal cs,
but as €, decreases the cs moves closer to the reflexion point and reduces the
area over which the Pressure P; can act. So even though P, may be increasing
there is a reduction in pressure on other parts of the surface. Experiment
indicates that consequently there is a decrease in T{ to matech that of T, even
when 3(P3/Pe)/36,; < 0. These arguments are based on the assumption that the
surfaces are rigid and adiabatic, and the conclusion could be different when
these assumptions are invalid. For example, if a shock diffracts over a flex-
ible or liquid surface so that conditions in region 2 could prevail locally,
then the minimum pressure criterion might be relevant, especially if after
transition to some other system one gets 3(P3/Pg) /36, > 0.

3. CLASSIFICATION OF SHOCKS

3.1 Strong and weak shocks

The separating condition between strong and weak shocks will be defined as
the coincidence of the sonic and mechanical equilibrium criteria, €i - C
somo data {5 given in Table 1.

Y 5/3 15 9/7
£ 0.30375 0.37531 0.40855
wo = w 37.680 40.374 41.612

i

TABLE 1. Alternative soparation condition between strong and weak
incident shocks Hy = 1

It has the important property that the flow dowmstream of the reflected
shock v 15 sonic, Hy = 1. Comsequently, for weak shocks ncar transition the
flov dowmstream is subsonic M < 1, and for strong shocks it 1s supersonic
My > 1. The property My > 1 18 a necessary condition for the appearance of
systems with additionsl waves such as for example double Mach reflexion DMR.
The strong-weak boundary is plotted in Figure 3.

3.1 Forward and backward facing waves

It wvill also be convenient to classify the waves as belonging to either
the forward or backward familieg. A wave is in the forward family 41f ¢
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deflects the streamlines through the angle § in the positive (anticlockwise)
sense, and in the backward family when the deflexion is in the opposite sense.
Here, 1 is always selected to be in the forward family. So r is always a
backward facing shock in RR, Figure 2. In MR, r may be in either family, but
the separating condition between the two families is when r is a normal shock,
6 =0, wo = w_ say. After a lengthy calculation, a closed form expression can
be obtained fof it, namely a polynomial of degree 4 in x = sin? W . Exact
expressions for its roots are,

(1) x = sin®w, = 1, that is wp = w; = m/2, which is trivial in that all
three shocks 1,r,s in MR coincide to form a single normal shock.

(11)
[(r+1) + (y-1)E,1?
x 3 sin? w 1" ' (3)
8 2yl + (r#1)E-28,2)

This root is also trivial because r degenerates to a Mach line, and 1 and s
become a single plane shock. It corresponds to glancing incidence, ew =0,
Wy = ma.= wgl say, My = My = 1.

(11i1) the other two roots may be obtained from,

Gax® + Gyx + Gy = 0, (4)
vhere,
Ga = 2Y[(vH) + (F=DEJU-E D1 + (4]
61 = ={(r+1) 1 (Ar41) + (1 (Y IVH3-DE, + (v 4aY -9yi-15+E P (5)
+(y 42y -4y3400v-1)E ),
Go = [(r+1) + (v-1)E,1°

and where only the negative branch root is of physical significance, Figure 3.
4. IRREGULAR REFLEXION

For constant (Y,§,) an {rregular refloxion IR will appear whenever 0,
becones small enough, Or wy large enough. The IR is typically some form of
Mach, or other "non-specular" reflexion, Figure 3.

4.1 Weak shocks

For weak shocks My<l, after transition so the entire flow downstream of ¢
is able to influence the triple point, and iu particular the cormer signal cs
can always catch up with i{t. Because M;<1, a single Mach reflexion SMR ia
expected after transition, with r backward facing. As 6, decreases, r eventual
ly becomes a normal shock as deteruined by equations (4) and (5), and beyond
that it is forvard facing, Figure 3. As &, continues to decrcase the condition
for sonic flow downstream is eventually attained My = 1. This £s a catch-up
condition for the corner signal, but with the difference that r {s forward
facing, whereas r is usually a backward wave at catch-up. Beyond this conditim
My>l and it becomes possible for other waves to appear, for cxample a fourth
shock or au expansion wave®'d, Figure 3. If B, decreases still further r
approaches 3 Mach linc degeneracy and this condition has been deterwmined by
Wucst'; after correcting and rewriting his result wve get,
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[(Y+1)+(Y—1)£i]{(Y+1)+(3Y-1)g () [(1 +%51) (+ % ‘51)]*}

SIN?w =
w

or{ [l br-s)e, e on) e, ) [ 35k, )(“LE]}

(8)

According to present theory the reflected shock r cannot exist when wp >w .
Now the flow downstream of i is supersonic relative to i, whereas that down-
stream of the Mach shock s is subsonic. The only possibilities seem to be for
r to be either replaced by a band of compression waves continuously distributed
downstream of i, Figure 4, or for viscous effects to become significant. The
incident and Mach shocks now form a single wave without any slope discontinuity,
and the system will be called a "continuous wave reflexion" CWR. In such a
system the contact discontinuity cd would be replaced by a continuously distri-
buted band of vorticity. The existence of a CWR has not been definitely estab-
lished by experiment, but a photograph from Henderson and Siegenthaler's
paper® may be a CWR.

The final development is for the reflected waves to weaken until they all
become degenerate at glancing incidence. The condition is given by equation (S).
All thege conditions are plotted in Figure 3.

4,2 Very weak and extremely weak shocks

With conatant (Y,§ i) and for weak shocks, single Mach reflexion SMR occurs
in the range wo*\mo<w *, that is between the catch-up conditions for the back-
ward and forward faciug reflected shock. Inspection of Figure 3 reveals that
the range shrinks with increasing §4 and vanishes for some §; = {40 Wo = W
This occurs when the condition for sonic flow downstream of RR co?ncides w?th
the sonic coudition downstream of SMR with r & forward facing shock, Table 2
and Figure J.

Y 5/3 175 9/7
€y 0.7953 0.7989 0.8010
wa° 52.047 52.118 52.173

TABLE 2. Condition for the cofncidence of the sonie condition dowm-
stream of regular reflexion Mael, with the ronic condition
downatrecam of single Mach reflexion Mjy=l, when the reflected
shock is also a forvard faciung wave

An incident shock will be defined as "very weak” vhen £y > €. It is clear
from Figure 3 that therc are no Mach reflexions for these shocks, :he only pos-
sibilities are regular RR, frow wave FWR or continuous wave CWR reflexions.

If Ei increases still further then the range of wy for FWR also shrinks,
and eventually vanishes at §, = £gr o = Wg say. This is at the coincidence of
the sonic condition dounstrcam of RR and the Wuest limit, Table 3 and Figure J.
For £4 > £g only RR and CWR cre possible, and those sight be called “extremoly
weak shocks."
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Y 5/3 7/5 9/7
£ 0.84024 0.8328 0.8268
“’80 55.12618 54.2932 53,7592

TABLE 3. Condition for the coincidence of the sonic condition down-
stream of regular reflexion M,=1, with the Wuest limit when
the reflected shock and the fourth wave are Mach line
degeneracies

4.3 Sstrong shocks

Strong shock diffraction has the property that near transition the flow
downstream is supersonic M;>1l. Evidently, this is a necessary condition for the
appearance of extra waves in the system. When M, is only just larger than one
then r is observed to develop a rapid change in its slope, a "kink" K Figure 4,
called a "complex Mach reflexion" CMR. For larger M, the change in slope at K
sharpens and an extra shock appears to form a double Mach reflexion DMR. The
Mach number M, is variable downstream of r and according to Ikui et al® a CMR
changes into a DMR where M; > 1 at K.

For yet stronger shocks the vortex sheet from the primary triple point
moves forward and curls up tightly behind the Mach shock s Figure 4, causing s
to develop an inflexion point.®*7*®+? with experiments’ in oxygen there is no
sign of the inflexion for M; = 7.1, but there is for M; = 10.1 and 11.7. In
freon 12 and with My = 4.94, there {s an extra shock associated with the in-
flexion®, and Colella and Glaz!® found the same thing in their numerical studies
of My = 8 shocks in air. These will be called “hyper-Mach reflexions,” HMR.

If wo fucreases beyond its value at, or near, transition it is found that
M, decraases. Eventually, the sonic condition is reached and after that Mg < 1.
A strong irregular reflexion IR is then reduced to a single Mach rveflexion,
Figure 3.
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Figure 2. Reduction of the
Diffracting System to a
Mechanical System,

Figure 1. Surface Pressure Distribution on a Ramp Caused
by a Regular Reflecting Diffracting Shock Wave.
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Figure 4. Left: Continuous
Wave Diffraction CWR.
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PSEUDO-STATIONARY MACH REFLEXION OF SHOCK WAVES

F. Seller

Franco-German Research Institute Saint-Louils (ISL)
12, rue de 1'Industrie, 68301 Saint-~Louis. France

The pseudo-stationary oblique shock wave reflexion by a
wedge was numerically investigated by the direct Monte-
Carlo simulation technique. In this numerical study the
real gas flow is simulated at the molecular level by
using a large number of model particles following their
positions in phase space. In ordexr to simulate the shock
reflexion from a wedge, a two-dimensional computational
model was set up. The incident shock wave is gernerated
by a piston, which is suddenly set in motion and then
moving into the flow at constant velocity. The incident
shock wave, simulated in a model gas of about 10000
particles, propagates down the gas and hits a wedge.

By oblique shock reflexion the reflected shock develops,
The calculations are carried out for a shock Mach number
3 and a monatomic gas with wadge anjles from 30° up to
70°, The Monte-Carlo calculation results provide a full
picture of the variation of the most important flow param-
eters, The influence of the boundary layer on the reflect-
ed shock angle and the transition to Mach reflexion will
be discussed and coapared with experimental Jdata, It can
Ue sean that the boundary layer effect shifts the transi-
tion condition to higher incident shock angles. In addi-
tion, shaller reflected shack angles are produced,

1. INTRODUCTION

1,1 PHENONENOY

when a planar noving shock wave hits a reflecting wedge (Figure 1}, the
incident shock wava (I) is reflected at the wadge surface and a reflected sheck
wave (R) can be chserved. Two fundamental types of shock reflexion appear. They
are regular reflexion (HR) and Mach veflexion (MR). The Mach reflexicn con be
subdivided into single-Mach (SNR), complex-Mach {(CNR) and double-Mach re-
flexicna (DMR). The [irst to describe the phenccena of RR and SMR was E. Mach
tn 1878, Sinte then detailed and thorough investigations of shock reflexion
have baen performed by many researchers but until how {ts hehaviour has not
beon fully understood, eapecially the transition from regular to Nach re-
flexion of shock waves. The available theoretical descriptions of this phero-
mench are in agreament with expaeriments oniy for welatively nerrow ranges of
paraseters.

The pronent paper has tho ain to lsprove the understanding of the non-
stationary shock reflexicn at A wedge with new nunerical results, obtained by
a gaskinetic methcd, the go-called direct Mante-Carlo simulation technique
Nonte-Carlo calculations for the steady shock reflexicn wers already done by
Auld and Bird 2, showing that this gaskinetic zethod can also be applied under
a macrescopic aspect besides a microscopic one,

1.2 TRANSITION CRITERIA
Wwith a Galilean transformation of the unsteady shock reflexion by a wedge
to the soving shook reflexion point P, the flow field can be ceasidered as a
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pseudo-atationary one. In this coordinate-system the wedge surface and the gas
in region (1) move at speed u,. The incident shock (I} deflects the flow to-
wards the wall by an angle §,. Since the wall is impermeable, the flow must be
deflected back parallel to the wall by the reflected shock (R). This process
is best understood if pressure p is plotted against the deflexion angle § as
shown in Figure 2. The conditions upstream of the incident shock are represent-
ed by point 1 on the solid wave peclar with p =py and § =0. The region down-
stream of the incident shock is denoted by point 2 with § =8,, The point 3 be-
hind the reflected shock lies on an appropriate dashed polar. As the wedge
angle B, decreases, i.e. the shcck angle Uy increases, 8o increases until the
reslected shock reacheg the maximum flow deflexion angle, This is the conven-
tional nriterion for the onset of Mach reflexion and is sometimes called the
detachment condition. Mach reflexion becomes posgsible, where the point 3 just
equals the pressure achieved from i through a normal shock. This smallest
deflexion angle §5, at which Mach rerlexion is theoretically possible was given
by von Noumann, denoted as the von Neumann criterion 3, Many experiments done
in pseudo-steady flows support the detachment criterion, whereas some racent
experiments in the steady rase clearly support the von Neumann condition.
Hornung et al, 3 advanced another criterion, that differs slightly from the
detachment condition. They suggest, that regular reflexion (RR) terminates,
when the flow behind the reflected shock becomes sonic with respect to the
reflexion point P (scnic criteriom).

1.3 BOUNDARY LAYER EFFECTS

Regular reflexion is theoretically not possible foxr shock angles 825 a
Some experimental results 3/% indicate, that the transition occurs at !
significantly higher values Ll,tr > §1,4 With [y ,tx —81,q up to several degrees.
Taking into account the viscosity and heat conductiorn, the flow £1:1d shown in
Figure 3b can explain the modified transition conditions. Considering the
regular roflexion in the refiexion point reference, a uniform flow with the
velocity u; strikes the incident shock. After the shook ruflexion the flow
velocity is lower than u;, but the wall velocity remains at u). The developing
boundary layer acts as a maes sink and this displacement effect can be consider-
ed by a negative displacement thickaess §*, Therefore the flow deflexion
through the reflected shock is amaller than 2n the inviscid case. The p, § map
(Figure 3a) illustrates this boundary layer effect. The flow direction can have
a component parpendicular to the wall) with a small flov angle ¢, detemmined by
the growth of the displacement thickness. It is evident that this bahaviourx
results in a transition sheck angle $1,tr rhifted to larcer values by an amount
of approximately ¢. Consequently the wedge angle B = 30° -} at which transi-
tion occurs moves to smaller wvalues.

A further consequence of the boundary layer influenca should result {n a
smaller reflected shock angle ;. whereas experimentally the opposite has been
observed 3.

2. DIRECT MONTE-CARLO SIMULATION

2,1 THEORETICAL DESCRIPTION

The flow £ield under consideraticn was numerically investigated by the
direct Monte-Carlo simulation technique developed by Bird 1, This pathod {s &
statisticul one, which describes the behaviour of the gas flow on the molecular
level. In this gaskinotic theory, the distribution functicn for the molecular
velocities provides a statistical description of the gas pattern. The basic
equation which describes the change of the diastribution function i« the
Bultzmann equation, Bird 5 ghowad, that the Nonte-Carlo calculatfion results
are a solution to the Boltzmann equation.

In order to us< this simulation technique for calculating the flow field
under consideration, a two-dimensional computatlonal model was set up as shown
in Figuxe 4. The real gas flow in *the physical space {s simulated by stae thou-
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sands of particles, why this technique can only efficiently be used with a
sufficiently large and fast computer, The velocity components and position
coordinates are stored in the computer and are followed in time,

The simulation procedure starts with particles having a Maxwellian velo-
city distribution corresponding to thermodynamic equilibrium in the quiescent
gas at the temperature Ty. Those particles are uniformly distributed in space,
which is subdivided in a sufficiently small network of cells., The simulation
proceeds in discrete time stepsg. During these steps, the particles move accord-
ing to their individual veiocities and are reflected at the flow boundaries.
At the wedge surface, the particles are reflected once specularly for simulat-
ing ar inviscid gas flow and twice diffusely to simulate a boundary layer
development at the wedge surface., In this case the moving gas particles are
slowed down at the wedge and then take the wall temperature. At all the other
boundaries specular reflexion is always used. The incident shock wave is
generated by a piston, which is suddenly set in motion and moves at constant
velocity into the flow from left (see Figure 4). The shock wave propagates
down the gas and impinges on the wedge surface. With proceeding time the in-
cident shock wave climbs up the wedge and a reflected shock wave ccn be ob-
served. At each time stop, representative collision pairs are selected randcm-
ly in each cell according to their relative speed. The collision process is
calculated classically with the hard sphere model.

The macroscu,.c quantities, for example density, temperature etc, can be
extracted by sampling and averaging over appropriate molecular quantities in
each cell. Because the number of molecules considered is small, the fluctua-
tions of the macroscopic quantities are siguificant. The fluctuations are
reduced by averaging the computational results of about 35 independent cal-
culation runs.

2.2 INPUT DATA

All calculations were carried out on a Bourroughs 7700 computer. The ini-
tial number of simulation particles within the whole flow fleld was 11500 for
all runs. The initial cell size in {-direction was 2.3. The cell size in the
n-direction has been enlarged with increasing distance from the wedge surface,
beginning with a wvadth of 2. In the simulation procedure all the lengths are
normalized by the mean free path of the real gas particles. Since the cell
gize was chosen larger than the nmean free path, a smearing effect of the shock
wave profiles is produced, The cell size acts as a second characteristic
length besides the mean free path, when the cell size is within the range or
greater than the mean free path,

The shock rxeflexion was calculated for an incident shock Mach numbey of 3
for a perfect monatoaic gas., The wedge angles are varied from 30° up to 70°
with gteps of 10°, The time counter in the simulation calculations was con-
tinued until the incident shock wave moved about 200 mean free paths on the
waedge surface behind the leading edge.

3. CALCULATICN RESULTS

The regults of the Honte-Carlo calculations are gqiven in Figure 5 by means
of lines of equal density pp«(p -r)) /(o3 ~py). The statistical scatter of the
NMonte-Carlo calculation regulis was eliminated by drawing smooth curves thruugh
the points representing the sampling rasults for the individual cells,

without boundary layer for a wadge angle B8y = 70° (Figure Sa) the density
contours show a well established regular reflexion (RR), The reflected shock
angle L3 can be detemsined to be about 15°, The corresponding denaity contours
for the case of By = 560* can be seen in Figure Sb, Hexe, likewise RR occurs
with an angle {3 of approximately 25°, The two wets of contours without dis-
placement effects in Figure 5c and 54 are for wedge angles of 50* and 40°,
raspectively. These wedge angles are both above the detachment criterion value
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of Bw,d = 54,2° at which Mach reflex.on should appear. The two density fields
referred loock different from those of regular reflexion. The Mach stem can
clearly be seen and increases in length going from By = 50° to the picture with
fw = 40°, At both angles there appears a growing region of subsonic flow,
viewed from the frame of reference of the reflexion point. The mentioned signs
are characteristic ones for the Mach type reflexion nature. Therefore it can
be suggested that Mach reflexion is pregent for both wedge angles, Besides, a
kink in the outer density contours is established, as can be seen for complex
Mach reflexion {(CMR), It seems to be evident from Figure 5 that in these two
cases CMR is present. For supporting this statement test calculations with
many more model particles, smaller cell widths and a more realistic inter-
molecular potential are necessary to be sure that no numerical instability
effects may lead to the given Mach type reflexion interpretation of the Monte-
Carlo simulation results, Finally on the left side of Figure 5e a well develop-
ed single-Mach reflexion (SMR) can be seen, corresponding to By = 30°, A clear
Mach stem is visible and the triple.point has significantly moved away from

the wall. For the three Mach type cases (By = 30°, 40° and 50°) the triple-
point trajectory angle X can be determined to about 8.5°, 5° and 2.5°,

The results of the simulation calculation with boundary layer are given
on the right side of Figure 5. The density results can be interpreted in such
a way, that regular reflexion (RR) appears for wedge angles By = 70°, 60° and
50°. That means, that RR exists at a wedge angle of 50°, where Mach reflexion
should be in question. As discussed before, the wall displacement effect of
the boundary layer shifts the transition point to larger values of the shock
angle [y, i.e. to smaller wedge angles By, in agreement with the shown regular
reflexion type for By = 50°, Likewise in agreement with the expected displace-
ment effect, the reflected shock angles (for By = 70°, 60° and 50°: g3 = 10°,
15° and 25°) are smaller than for the calculated inviscid flow. For B, = 40°,
the reflexion type could not be determined exactly, because the density field
contains elements of both, regular as well as Mach reflexion. There seems to
exist a mixed reflexion type, pointing out that for smaller wedge angle Mach
reflexion must occur, This is confirmed by the density picture for By = 30°,
The triple-point trajectory angle X has a value of about 4° below the angle
without boundary layer. Regarding the density contours, the kink mentioned
above is again visible, and so complex Mach reflexion (CMR) can be assumed.

In Figures 6 to 8 the temperature and velocity flow fields, calculated
without boundary layer effect, are illustrated by means of lines of constant
temperatuxe Tp = (P-Ty)/(T2-T1), constant v,{=v/up)- and up(= u/us)-velocities.
for wedge angles By = 30° (MR} and 70° (RR). The temperature contours of
Figure 6 are similar to the density contours of Figure 5 and give a represent-
ative impression of the two different reflexion types of shock waves., Similar-
ly, the vp-velocity lines of Figure 7 show the regular and Mach type reflexion.
The most significant differences can be seen on the up-velocity pictures
(Figure 8). The step from RR to MR changes completely the up-velocity field.
In the Mach type case behind the Mach stem, a region with relatively high
up-velocities is formed, which seems to correspond to the flow field between
the slipstream (S) and the Mach stem (M),

In Figure 9 the reflected shock angle {3 is plotted againgt the wedge
angle By. The solid line gives the solution of the oblique shock equations for
the two shock configurations. It can ba seen that the Monte-Carlo simulation
results without boundary layer effects are slightly above the plotted two-
ghock solution, whereas the values with wall displacement are lower, in con-
trast to measurements in argon, which have always given higher reflected shock
angles,

The dependence of the triple-point trajectory angle x on the wedge angle
Bw is plotted in Figure 10, The calculation (solid line) Jjust as the experi-
mental points are given by Ben-Dor & Glass 8. The results of the Monte-Carlo
ca.culation, taken from the density contours of Figure 5, are also included
in vigure 10, The points in the cases without boundary layer are in relatively
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good agreement with the data of Ben-Dor & Glass. The simulation with boundary
layer considerations shows a much lower value of ¥.

The Monte-Carlo simulated reflexion type results are compared in Figure 11
with the non-stationary shock wave reflexion regions indicated by Ben-Dor &
Glass  for monatomic gases in a Mg, B,' map. The effective wedge angle By' of
Figure 11 equals B, + X in the domains of SMR, CMR and DMR and By in the domain
of RR, where X = 0, The points deduced from the calculations executed without
displacement effects are well within the predicted regiors, whereas those with-
out wall displacement show a slight disagreement. These points are shifted to
smaller effective wedge angles, i.e. the transition to Mach reflexion occurs
at larger incident shock angleg, which is in agreement with the considerations
made about the displacement influence on the transition condition.

The domain of no reflexion (NR) disappears, when the vertical axis is
transformed to the actual wedge angle By, of Figure 12, In this more physical
plane the quintessence is the same as before, The Monte-Carlo simulation with-
out boundary layer agrees well with the given shock reflexion type domains 5,
except for the point concerniny a wedge angle By = 30°, Here, the simulation
density contours show SMR, while CMR is predicted, But the deviation is rela-
tively small, The boundary layer influence is also shown by the expected
transition angle shifting. The simulation boundary layer calculations are
supported by measurements of Hornung and Taylor ", whose experimental incident
shock angles 7y lie up to 7° above the inviscid transition angle.

4. CONCLUDING REMARKS

The pseudo-stationary shock wave reflexion at the surface of a wedge has
been calculated using the direct Monte-Carlo simulation techniaue. The calcula-
tions were carried out for monatomic perfect gases and a shock Mach number 3
with and without boundary layer development behind the reflected shock. Wedge
angles By ranging from 30° to 70° with steps of 10° were considered. Following
the detachment criterion, transition from regular reflexion (RR) to Mach re-
flexion (MR) occurs at a wedge angle of 54.2°, The inviscid calculations show
RR for By = 60° and MR for By = 50°, in agreement with the predicted transi-
tion. The boundary layer influence produces a smaller transition wedge angle,
i.e. a higher incident shock transition angle ;. For 8, = 50° RR occurs. The
shock trangsitisn angle, exceeding the detachment criterion is in agreement
with the negative wall displacement effect of the boundary layer behind the
reflected shock and is supported by several experimental results,

As theoretically predictad, the calculated reflected shock angles f[3 with
displacement effect are below the results without wall displacement., This fact
contradicts measured shock ang.es.

Furthermore, the Monte-Caxlo calculations provide a full picture of the
variation of all important flow parameters. The main interest of this study
was a macroscopic description rather than a microscopic aspect. Therefore it
wvas tolerated that the shock wave widths are affected by the cell sizes, which
have been chosen larger than the mean free path. As a consequence, the shock
widths resultad too large. In further simulation calculations it would be ne-
cessary to {investigate the influence of the cell size and the nuuber of
particles per cell in order to make sure that these parameters do not affect
excessively the results obtained. Furthermore, calculations should be carried
cut with a more realistic intermolecular potential and a more realistic inter-
action between the wedge surface and the gas particles, from which the bounda-
ry layer development depends.
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Figure {. (a) Regular reflexion {RR), (b) Complex-Mach reflaxion (CNR) and
(c) Single-Mach raeflexion (SMR) illustrations

Pigure 2, p, Smap Figure 3. The wall displacement effect. (a) Effect
on the p,8 map. (b) Displaced wall
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ON THE EFFECTS OF SHOCK WAVE
REFLECTION IN A CONFINED SPACE
K.C. PHAN AND J.L. STOLLERY
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An experimental study has been made of a shock wave
discharging into a square box. The main aim of this
investigation was to simulate the firing of a shoulder-
launched weapon from a confined space. High Tevels of
shock amplification can result due to shock reflections
from the walls of the enclosure. In this study, a
series of measurements have been made of shock wave
reflections from boxes having various degrees of
confinement. The results of further tests in which some
of the walls were lined with foam are also included.

The records taken include schlieren pictures and pressure
signatures, with particular attention being paid to the
position corresponding to that of a gqunner's ear,

1. INTRODUCTION

A shock wave emerging from a tube will attenuate as it expands spherically
into the surrounding atmosphere. However, if the expansion of the shock wave
is confined, the overall strength of the pressure wave established inside the
enciosure can be amplified, due to shock wave reflections from the walls, The
subsequent interactions between the emerging blast wave and the walls of the
room can produce excessive levels of blast that may be intolerable to the human
operator,

This paper describes an experimental study in which a simple, open-ended
shock tube is used to simulate the firing of a weapon in a confined space.
Compressed air was used as the driver gas to generate a shock wave which was
discharged into a wooden box. Pressure measurements were taken instde the box,
at a location close the shock tube exit. The results show how the reflected
shock overpressure depends on the degree of confinement, simulated by removing
various walls of the box. The effect of fitting a suppressor is also described.
Both the strength and the signature of the reflected shock waves are modified.
In addition, results are given for a series of tests in which the walls of the
box were covered with foam. The transient-behaviour of the reflected shocks s
reported.

2. EXPERIMENTAL ARRANGEMENT
(1) The Shock Tube and the Mudel of a Confined Space

A simple open-ended shock tube, 32 mm internal diameter, was used through-
out this study. The initial pressure ratio across the diaphragm, (PQIPl) was
6.44 with air driving air, the driven air being initially at atmospheric pressure.
The measured inftfal incident shock Mach No. was 1.46 (the corresponding
theoretical shock Mach No. is 1.50).
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Fig. 1 shows the generdal layout of the box which measured 640 x 640 x
640 mm internally. The open end of the shock tube was inserted through the
front wall (FW) into the box. Provision was also made to simulate various
conditions of confinement by making the roof (R), front wall (FW), and a side
wall (SW) of the box removable. The three tube-in-box configurations tested
are shown in Figs. la, b and c.

The configurations C2 and C3 were used to examine the effects of back wall
and side wall proximity respectively.

(i1) Pressure Transijurer Deployment, Data Recordiry und Storage System

A Kulite pressuie transducer was placed at a point representing the
operator's ear position (point Rg in Fig. ). The transducer was mounted in a
flat circular (disc-like) housing, with its flat surface placed horizontally in
the plane of the shock tube axis. The transdu-er vulput was <tored in a DATA
LAB, 4096 words x 10 bits t:raus:ent recorger capadle of a maximum sampling rate
of 2 MHz. Permanent digital data were stored in cassette cartridges via 2
micro-computer.

3. ANALYSIS OF EXPERIMENTAL RESULTS

(i) Preliminary Assessment of the Pressure Variations Recorded at a Slow
Sampling Rate

The prucess of shock wave reflection andre-reflection inside a box is
complex and can last for a “long time", typically 100 ms in our case. In order
to obtain some idea of themost important period within this timescale a few
pressure signatures were taken at a slow sampling rate. Fig. 2 shows a pressure
history at the point Ry of configuration Cl, sampled at 20 ps per point (50KHz).
[t is clear, from Fig. ¢ that (i? the maximum overpressure occurs 5 ms after
the shock wave emerges from the exit, and (it) the time between the start of the
pressure pulse and the subsequent decay of pressure fluctuations to an
insignificant va}ue (usually taken as 1/10th of the peak valuel) is about 80 ms.
Blast assessmenté of recoilless gun firings in a room gives values of this decay
period ranging from 8J) ms to 100 ms.

Because the sample rate limits the highest frequency component of the
signal that is measurable, a faster rate of sampling is usually preferred.
Since the {nteresting portion of the signal (Fig. 2) occurs within 5 ms of the
initial shock emerging from the tube, it was decided to sample at a rate of
2 ps per point (500kHZ). A typical shock wave rise-time is about 10 ps.

(i) Identificaiton of Pressure Pulses in a Fully Enclosed Box (Configuration (1)

The initial phase of development of the shock wave reflection pattern with
time is sketched in Fig. 3. After the tnitial incident pressure pulse &P, the
reflection pattern consists of reflections from the roof, floor, front, side and
back walls. The identity of individual pulses is shown on the pressure-time
record, see Fig. 4(ii). Comparison with the pressuyre signature obtained with
no confinement (Fig. 4{i)), clearly shows the effects of multiple shock
reflection,

Though each reflected pressure pulse, on its own, does not exceed the
value of the incident pulse APy, unwanted shock coalescence can occur producing
overpressures greater than APy, This is shown as APpay in Fig. 4(if). Between
AP] and 8Pmax. the pressure increase due to wave reflection from the roof (4Pg)
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is greater than the other individual pressure pulses. This is because the
transducer recording APR is mounted 'head on'. The effect of this becomes even
more pronounced at higher incident shock conditions, such that the value of APR
can exceed the initial incident pulse (APy). This impliesthat in the
corresponding practical situation, a human operator, standing upright, firing a
shoulder-launched weapon from insidea room would experience a very strong
reflected pressure pulse from the side walls.

(i11) The Effects of Altering the Degree of Confinement in Configuration Cl.

The various conditions of confinement were simulated by the removal ot
one or two facas of the box. GSome of the results are given in the last column
of TABLE 1, where APpax denotes the maximum over-pressure vluctuations following
the incident pressure pulse APy (APp = 2.381 kpa or 0.346 psi).

A set of pressure records is given in Fig. 4. As expected, the worst
situation cccurs when the bax is comnlete, the measured APpax exceeds the value of
APy oy 50%. As one cor two walls are removes so LPpax is reduced. Among the
one-wall-removed configurations, the reduction of APpax with fthe front wall apen
is relatively small in comparison with the other conditions of confinement.

This is because the strength of the expanding shock wave in the region upstream
of the tube exit (towards the front wall) is weaker than in the downstream
region. The most significant effect which influences the overall level

of APpax is the reflection of the stronger region of the incident shock vrom
the top, side and back walis.

(iv) The Effect of Foam-Lined Inner Walls, Configuration Cl (Comp! ‘te Box)

A number of investigations3‘“ have been made concerning shock wave
raflection from foam materials. OQur study examines the effest of foam-lined
walls inside an enclosure. Some of the measured rressure signatyres are shown
in Fig. Sa. It is immediateiy evident that the reflecled shock wave is being
suppressed, incident energy being absorbed by the diffusion of -ass flux through
the interstices of the foam waterial.

4 set of schlieren photographs, which show the incident shock wave
reflecting from a solid and a porous surface, is given in Figq. 5b. Because
the field of visfon was Vimited by the size of the mirrors (12" diameter), these
pictures were taken with the roof and floor movad closer togather (2iC mm
instead of 640 am).

(v) The Effect of Back Wall (BM) Proximity on APRG'(Configurat‘on €2)

For reasons of accessibility, the front-wall-open confiquration was
chosen for this investigation. Fig. 6a presents a pressure record obtained i
the Rg position with the tube 2xit 10Q mn from the back wall. The reflertasv
shock from the back wall (APgW) is followed by a large pressure puise (2.5}
Originally, this was thought to te due to the shock reflecting from the uther
surfaces of the box but subsequent tests, in which the roof and side walls
were removed showed no marked improvement. These results suggested that the
effect could only be due to the back wall alone.

Fig. 6b shows a sequence of schlieren pictures of events hefore and
after the emerging shock fmpinges on to the back wall. From the pressure trace
(Fig. 6a) the time intervals from the instant wher the trigger pulse is
recefved to the first three shocks are noted. These are;

* APRG is an abbreviation for the pressure signature at the point Rg.
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Event Registered Time Interval cf Event from Trigger Pulse
4P 760 ps
APy 1270 us
APyp 1800 s

Comparing these events registered on the pressure record with the schlieren
photographs shown in Fig. 6b, it is evident that the predominant large peak
overpressure (APyR) is the result of lhe shock associated with the vortex
ring>,6 being reflected from the back wall. As tne distance of back wall from
the tube exit increases, the influence of the reflected vortex ring diminishes
as shown by comparison with Fig. 4(ii).

(vii) The Effert of Side Wall! (SW1) Proximity on APRG {Configuraticn C3)

Tabie 1 summarises the results obtained by altering the lateral tube
position with respect to the side walls. Some pressure records are shown in

Figure 7a.
Condition of ‘ (8Ppax/8Py) at the point R
Confinement Position uf tube from SW1 {x rm)
104 mn | 160 nam | 216 ma| 272 mm § 320 mm
Fully Enciosed 1.925 {.NG 1.560 1.450 1.500
Roof $ff 0 980 0,975 1 1.190 | 0.695 0.825
SHi Caen 1.000 1.2u% 1.050 0.910 0.875 TABLE 1
FW Cpen 1.330 1080 1.085 1.600 1.300
Rag€ o1, SW1 Cpen! 0.350 1 0.675 0.450 | 0.579 0.625
Roof OfFf, FW Onagml 0.850 0.900 { 0.800 | 0.500 0.650

[n the case of a complete bhox, APpgx occurred avout 3 & ms from the instant
the shock eaerqes from the fube {ser fig., 7ad. Based oo the time intervals
estimated below it seems that Ppax wainly due tc the reflection of the
shock associated with the vortex ring. In 3ddit{un, stnce the distance from
the tube exit to the bach wall {BW) remaing ¢ stant at 430 g, the time
interval batween AP] and aPmax should remin the sam  for all cases of side
wall proximity. This {s cenfirmed by the pressure records shesn in Fig. 7a.
The difference in the level of APmax is the direct effect of the proximity of
the side wall (SWi), as shown {n table 1.

Path of shock associated w' *, fstimated Speed Time Interval
the vorfex riag
Tube exii to Back Wall (480 mm) -225 ms™' (estimate based on ~2.13 ms
pressure records shown infig.7b)
Back Hell ty Rg positfon =133 me~' (based on schlieren ~}.73 ms
1D, 3 my; picturee shown v Fig. 6b)

{vii) The keflecticns n an Enclosure from a Suppressed tmeirging Shock Wave

Fig, &(114) show- a pressure histury of the shkock wave reflections due '
3 suppressed shock wave released in a fully enclosed confinement. Though the
waximum overpressure level is less than dPmay with an unsuppressed emerging
shock (see Fim. B(i)}, the emission of a series of wesker waves proviuced by
the suppressor, makes a significant difference to the pressure histories. In
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particular the silencer introduces significant pressu;e oscillations in the
frequency range of 2 to 3 KHz. It has been suggested’ that transient over-
pressure fluctuations around these frequencies can induce some losses in hearing
sensitivity, However, these pressure fluctuations are influenced by the type of
reflecting surface. Hence by lining the watls of the enclosure with a foam
material, the induced overpressure f1 -tuations can be eliminated as shown in
Figs. 8(i1) and 8(iv).

4, CONCLUSIONS

This study has shown that a shock wave rcleased in a confined space, can
produce an overpressure level in excess of the initial incident overpressure
(AP7). As the walls of the confined volume are removed so the maximum over-
pressure is reduced. In some cases the level of overpressure fluctuations zan
fall below the initial incident pressure value.

When the shock tube exit is close to the back wall, the dominant feature of

the reflection process is the behaviour of the shock asseciated with the vortex
ring.

Lining the walls withk a foam material casues a dramatic reduction of %he
overall level oi overpressure flunctuations, as well as an elimination oF the
high frequency components of the pressure signature.
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KOTATION

P Ambient Pressure {14.7 p=i}.

P: Static pressure of the initist ircident shock wave inside the tube.
P, Compres.ion Chamber {or drfver) Pressure.

AP Guerpressure reiative to ambisal

AR Initial incident static overprestfure at the refervence point, Rg.

€ “Calthre (= one diameter of shock tube, 32 ww)
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Figure 63 A pressure signature at Ry pesition on the effect of back wall proximity
(CZ configuration, y= d‘slanoe of BW from tube exit, see Fig.ib)

Figure §b Schiieren pictures of shock wave reflection showing a sequence of events after the emerging
shock impinges onto @ back wail (time interval is from trigger point }
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TRANSFORMATION OF A PLANE UNIFORM SHOCK INIO
CYLINDRICAL OR SPHERICAL UNIFORM SHOCK BY WALL SHAPING
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A theoretical method is presented for the calcu-
lation of the wall shape of a shock tube, which changes an
initial plane shock of uniform strength intec a cylindrical
or spherical shock of uniform strength in some solid angle
and without Mach reflections . This method uses Whitham's
theory of shocks in characteristic form . It has been nume-
rically treated and gives th complete shock evolution during
its propagation into the convergent section of the shock tube.
The nozzle geometry and shock amplifications theoretically
expected are indicated and oune sample of numerical results

is given .
INTRODUCTION

The decrease of the cross sectional sixea of a shock tube is known
to amplify the strength of a ahock wave . The uwse of this gain in shock
strongth to produce high pressures and tewmperatures has been noted by wmany
invistigators. The rule of Chisnell! which connects the area contraction to
the change of the Mach nuuber gives a theovetical ostimote of this amplifi-
cation .

The wall shepe of the shock tube {s {mportant for the determina-
tion of the walue of the shock strﬂﬂgthzl and it secms necessary to use 8
profile with a sufifciently gradual comtracafon in order to avoid formatiom of
Mach reflections .

Aihy Aproximave theory descridbiag the two or three dimensional beha-
wi.vy of shoék‘wavu hus baen sstabliabiad by G.B. UHITHANa. by exteanding the
(hlisndlly #nﬁe to infinitenimal ray tube . This theory has been used to define
o particl Jr con¥igurations of tha wall apt to genevaté from am initial
91&né‘ahank ¢ st mnger converging shock . Oune possibitiiy is to define the wall
ghape Ly th eaud}tion of couvergenco at & gingle point of the disturbances on

\~.
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the shock propagation direction and shock strength issued from the wall. In the
two dimensional case and for a strong shock,the wall shape i8 a logarithmic spiral .
It has been extensively studied4’5’6’7 theoretically and experimentally. Another
possibility, close to the previous one, is to prescribe the convergence of
disturbances issued from the wall not at a single point but at the given final
shock position (eylindrical or spherical)g.

The shock which occurs from the previously defined wall shape has not unifam
strength, and as a matter of fact the shock cannot strictly focus on a point, The
result is a rather complicated implosion flow with strong disturbances ., So, in
order to have a symmetrical implosion it could be useful to obtain a circular
shock (cylindrical ox spherical) of uniform strength . Therefore, it is
worthwhile finding a suitable wall shape which can change a plane shock into
a cylindrical or spberical shock with uniform strength possibly limited to a
certain angle without generating Mach reflection . This problem has rigen and

8 . A method is proposed here

its possibility has been discussed recently
which gives it a solution and allows a numerical construction of the wall

shape, in the frame of Whitham's theory .

SHOCK DYNAMICS

The geometry considered is two-dJimensional ( v = o) or axisymmetvic three-
dimensional { v = 1) , A shock at a point (x,y) is determined by M(x,y) its
Mach number and €(x,y) the angle between the axis Ox (the axis of symmetry in
the case v= 1) and its propagation direction . The rays are defined as the
orthogonal trajectories of the successive vositions of the shock, the wall of
the shock tube is a varticular ray . The set of equations describing the shock

behaviour is3‘

. M
& [L——;‘“ G]- b% [——-—-——m; 8]=0 with , AQD= exp [ —J-——-;—-(—-)-“u:_;‘ du ]
(1) ’ ¥ 2
v cos 61,9 [Vsin 6], n 1 2 r1-4
s [ Sty (Uil @f doefeae gl (5]
(Y o)u +2
2 2yud-y i

y is the ratio of the specific heats of the gas considered

Here A(M) has been chosen so as to have A(Hl). N i{s a tvnical Mach
nuaber of the solution . If the shock streangth is uniform, A(M) is vroportional
te the shock area .

1f the shock is strong, A(M) becomes (strong shock approximation) :

2

-

¥1" 2
{3) A(H) -[—ﬁi] | 4—? . Y_--Yl
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The important point is that the system (1) is hyperholic, and can be

written in the following characteristic form :

A %-E = cos(&+m)
() %— [9 +w(M) + vI] = on the characteristic curves ¢t
L = sin(em)

d

}"“ /A 5y

u 1 M=1 dl sin® sin m

+(M)= — du tgm = < \[v+rm -
Ml u2_l M VA ds y

. . . +
The Rlemmai invariants R-w 6 tw(M) + vI are constant along the
naracteristics C= . This formulation holds as far as the

characteristicgof a same family do not cross . \If they cross it corresponds to
the formation of a three shock Mach reflection . The characteristics represent
the trajectories of the disturbances of the shock sk‘xgpe and strength which
propagate on the shock, they allow to determine the domain where the solution
is defined when 6 and M are given on some curves of the {x,y) plane. It is this

important property which will be used here . )

DEFINITION OF THE SOLUTION

We seek a wall shape which transforms a plane shock of uniform strength
into a cylindrical shock (two-dimensional geometry, V= o) or a spherical shock
* (axisymmetric three dimensional geometry , v= 1) of uniform strength in a
certain angle . The problem is symmetric, and the .axis Ox is the plane of sym—
metry ( v = 0) or the axis of symmetry ( v = |) . The final shock of circular
shape DF and uniform Mach number M, is given within an angle Ol(Fig. 1) . The
initial plane shock of uniform Mach number HO is given too, but its position
is not known . The solution will be defined and numerically constructed from
the final and initial shocks .

In addition to the data of final aund initial shock strengths, we assume
that the characteristics C' issued from the axis for X< X < Xy converge on F,
1 and that § =0 on the axis, this last gssumption is nocessary to avoid formation
of Mach reflection on the axis Ox . With these conditions the solutiomn is
1 perfoctly detemsined as it will be established now by looking at the different

regions separated by some particular characteristics (Figure 1) .
In the region I bounded by the characteristic C: : ¥B, the solution is

well defined in terms of the final shock . As characteristicsC' converge on F,
this point is a singularity, M and 6 are wultivalued but they are related by the
Riemann invariant along the characteristic ¢ reduced into a point at F .

5 0 - wM) = -6 - wi)

! R , PR -
J . The region II is cohmected by characteristigC to F and by charactevistics €

to the region I, therefore the two quantitics M and 8 can be calculated aving
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to the invariance of R® along C= . The M values on the axis for %)y £ X < xp can
be calculated too because the axis where 8 = o is connected by s ¢’ to region II,
and the solution in region III is determined. When M on the axis reaches the
initial Mach number Mo , this position defines the point A which is the issue
of the characteristic C propagating on the initial plane shock (M = Mo, 6 = 0)
and coming from the wall . As M1 and 6] are given all the values of Mo are not
permitted, MB the value of M at point B which depends on H] and e] is a maximum
for Mo . Finally, in the region IV connected by a ¢ to initial shock and by a
C to region II or III , the solution is determined, M, & and cocnsequently the

” wall shape can be calculated .

There is a solution of particular interest, the solution which corresponds
to Mo = MB » in this case A is in B and there is no singularity at F and conse-
quently no discontinuity for the shape of the wall at F . We call it regular
solution .

The method which has beea given shows that the solution can be defined in
a coherent ways from characteristics theory, and allows a numerical calculation.But
it is not really a proof of its existence, indeed the characteristics of a same
family can possibly cross in region II III or IV , Only the effective numerical
calculation can ensure that cvossing does not occur, giving then a strong presump-

1 tive evidence for the existence of the solution,

DISCRETISATION OF EQUATIONS AND NUMERICAL CALCULATION OF THE SOLUTION

It is now shown how the equations in characteristic form (4) has been
discretised to obtain numerically the theoretical solution . The final circular
shock of Mach number M, and position at radius R {s given within
the angle 9, (Figure 1), the initial Mach pumber M is given too , In the

following the coordinates and the Mach number are respectively normalized by
1 R end Hl .
Different methods are used according to the repions considered , In the
1 region I the solution is easily found to be a circular shock . In polar coordi-
nates (p, ¢ ) with x « pcosd .,y »psind the solution given by :
1 6 wé-w %%--(v*l)-:-tém with M (p=1) =}

is solved with a classical Ruige-Kutta method of order 4 and a constamt step d¢
In the strong shock approximation, the solution can be written explicitely, the
characteristic C; is a logarithmic spival pPe exp‘ﬁﬂ@*‘el"‘) and the

value of ¥ at point B is : Ny = exp ={vel) 9‘/ Var

In the region II or IIlI(outsidex =o) the solution is calculated at the
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crossing of characteristics ¢ and C—.Knowing the position and values (M, 6) at
the intersection P of characteristics Ck 1 and C1 and at the intersection Q of
characteristics Ck and C.1 10 the position and values at the intersection R of
characteristics C+ and Ci (figure 2) are obtained by solving the following swtem

which is the discretised form of (4):

[sin(e —mP)+sin(6 -mR)] (x *xP)- [cos(e —mP)+cos(6 -mR)] (YR-YP ) =0
[sxn(e +m )+-sin(eR+mR)] (xR xQ) [cos(eQ Q)+cos(9R+mR)] (Y Q) =0

6x=F [0p+8q +g-wp +v(Tp-T o] = 5 8g0p +wp+ g - v (15 Tgg)]

IPR and IQR are mean values of I on PR and QR not explicited here,MR is
obtained from wp by numerically reversing w(M) given in (4)
This implicit system is solved by an iterative method. In fact only a
few number of iterations are necessary to obtain a convergent solution for
L TR S §
In the region IV the problem is the same and the discretisatiom of (4)
is similar, excepted that P is the intersection of Ck - and Cl . Q
the intersection of Ck and Q1 g R the intersection of Ck and C1 (figure 3).
In region III, when the 901nt R to be calculated is on the axis Ox (R at
the 1ntersect1on of C.1 and C ) we obtain it from the point Q at the intersection

of C1 1andCk by solving the system :
_;__[tg (OQ *mQ) +ty m.R][xR Q] +yQ~0 R MR-BQ+(.)Q- VIQR
which is the discretisation of the Riemann invariant R® where we have used the
condition @ = o on the axis . This implicit system is solved by an iterative
wothod .
Using the aboVe described discretisations, and choosing a step d$

defining the different points on ¢t , @ step d8 for the values of 6 at F, and

an equal number of points on FA an; AG, the solution is calulated successively in
rogions 1,11, III and IV ., The wall shape FG {s obtained by calculating the ray
%% = tg O going by F., To check the numerical results, another method has been
developped for the simple case of two- dimensional geometry and strong shock
approximation . Skippirg the details, it gives the solution in a semi-snalytical
form, and the agreemont with the numerical solution is excelleat .
RESULTS

The parameters defining the wall shape are the initial Ho and final H'

shock Mach unumber, the angle 8, of the final circular shock. the type of

i
geomatyy : Ve o (cvlindrical final shock), v= | {epherical final shock), and
tho specific heat ratio y . With these data specified, the successive positions

of shock, the rays, the trajectories of characteristics, and the wall shape can

be caiculated.




152 Shock Propagation and Interactions

In the strong shock approximation and for regular sclution, the ratio MO/M]
and the convergent shock tube dimensions normalized by the radius R of final shock

can be expressed analytically in terms of 61 and y

M (v+]) y x y Ve
Lo T, 2 e[o, +v(zsin & - 6)] ™ ,L"l-m 2 s !
Mo R 2 R R

These quantities shown figure (4) are very sensitive to the values of 8 ;, on
account of exponential dependence, To have mnot prohibitive shock tube dimensions,
it seems necessary to limit the angle of final convergent tube to 61< 60. . The
regular solution, which is the solution corresponding to minimum values of yo/R
and [XJ/R for given 8, is certainly the most attractive to test experimentdly .

The results of the program calculating the solution, tested for different
values of parameters, show no irregular behaviour for the quantities and no
crossing of characteristics. Therefore it can be assumed that the solution is
likely to exist .

We present now figure 5 an example of regular solution calculated in the
case 1 y=5/3, v= 0, 6] = 45°, with strong shock approximation. The wall of the
sho.ck tube. the successive positions of shock at equal times and the characterstics
are indicated . The coordinates of the wall are given Table | . The shock ampli~
fication is M!/Mo - 1,452 ,

It is worthwhile comparing the length of the nozzle obtained here with the
length L of a logarithmic spiral corresvonding to Y= 5/3 with the same initial
croas section, the ratio x,/ L is about 1,6 . It means that the shock tube wall
propoged here has 2 much less convexping shape chat the logavithmic spiralalready

4,5,6

tested experimentally ,and the flow  can have a significant differcnt leluviour.
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TABLE 1: Wall coordinates for regular solutfon,¥Y= 5/3, v= 0, G = 45°

x/R[0.73]0.88)1,12]1.47{1,88] 2,36]2.88]3,42]4,15/4.92{5.71]6.57/7.6218.72{11. 13.80)

Y/R[0.71{0.871.33[1.4401.61] 1.882.15]2.39{2,67{ 2.9%3.16(3.36/3.593.77(4.01{ 4.1}
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ON THE CCCURRENCE OF REGULAR REFLECTION OF SHOCKS
IN CONCAVE CORNER FLOWS

R. Niehuis, H. Schtler, H. Hornung

Deutsche Forschungs- und Versuchsanstalt fiir
Luft- und Raumfahrt e.V.
Institut fiir Experimentelle Stromungsmechanik
BunsenstraBe 10, D-3400 G3ttingen
F.R. Germany

Reflection of oblique shock waves at plane walls or planes
of symmetry can either occur as a regular or a Mach veflec-
tion. The condition at which transition occurs from one
reflection type to the other is known for sufficiently
strong shock waves in two-dimensional flows. The shock

wave structure in concave corner flow is very similar to
the case of shock reflection in two-dimensional flows, if
viewed in appropriate plane sections. Concave corner flows
are therefore investigated in order to study the occurrence
of regular sheck reflections in three-dimensional flows. So
far, only Mach reflections have been observed in such flows.
Regular reflections are shown to be possible for corner
flows by applylng the transition criteria knowr from two-
dimensional flows. Experiments performed in a number of
cormer geometries at different Mach numbers, confirmed the
theoretical results. Regular reflection was observed pro-
vided that the model is fitted with a slit iu the corner.
The shock wave interaction was determined by means of opti-
cal tomography.

1. INTRODUCTION

In many practical cases of supersoni” flow the problem arises that shock waves
gonerated at different components intervact with each other in a complicated
way. Usuzlly, shock reflection occurs aand the flow becomes three-dimcnsiounal.

In two~dimensional supersonic flow, reflection of shock waves can oceur either
as a regular reflection (r.r.) or a Mach reflection (M.r.), sce Fig. 1. During
the last decade thesc two types of shock reflection “ave bten studied inten-
sively in two-dimenzional flows. An overview and xntroduction to the problem
with an extensive list of rveferences is given by Hornung® . The couditions at
which transition between the two types of veflecticn takes place are knowu.

However, it is unkoowm to date whether those conditions are also applicable to
three-dimensional flows. Even the question whether v,r. is possible in three-
dimensional flows has not beon answered finally. It is the purpose of this pa-
per to answor these gquestious,

Tha internal corner flow has beon chosen to study the reflection of shock waves
in three diwensions. The corner ia forwed by (wo plane surfaces with sharp lea-
ding odges being symmetrically disposed about the free-stream direction. On the
vindward side they gonerate attached shock wiaves interfering with each other.
Charwat and Redekopp® wore the first to succeed in determining the shock vave
structure i{n such a corner by oxperiments. They found a structure sketched in
Fig. 2b. It cousists of two planar shocks emanating from the leadiung edges
(vedge shocks), a cormer shock that joias the two shocks, and two embedded
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shocks. Due te the fact that the wedge shock is reflected at the plane of
symnetry in a similar way as a M.r, in two~dimensional flow, we are going to
call this a M.r. here, too. Subsequently, M.r. has been observed and repor-
ted also by other authors, e.g. Watson and Weinstein® and West and Korkegi®.
The influence of the corner geometry on the corner flow field has been inten-
sive1¥ investigated in systematical studies by Kipke and Hummel® and M&llen-
stidt’. They discovered further details of the flow structure like boundary
layer separation and vortices. It is interescing to note, however, that in all
these cases M.r. has been observed, i.e. a shock wave structure as sketched in
Pig. 2b.

Beside this structure a different one is likely to occur, although it has not
been observed so far., It is similar to a r.r. in two-dimensional flows, see
Fig. 2a. In this special case the two wedge shocks interfere directly with
each other without a corner shock. It will be shown that this kind of shock
wave structure is possible, too, in corner flow.

2. THEORETICAL ANALYSIS

Consider a steady, inviscid, supersonic corner flow, Assuming that the shock
waves are attached at the leading edges and planar up to the line of intersec-
tien, the flow problem depends on four independent parameters beside the gas
constant y, namely:

- M free~stream Mach number

- 2\ cormer angle betweea the two plates,

~ o angle of attack of the cormer relative to the free-stream divection,
- ¢ sweep angle of the leading edges.

Provided that the flow is supersonic everywhere relative to the body, there
exists a veglon in the viciuity of 0 in which the flow is "conieal”, i.e. where
the components of all gradients along straight lines through O ara zero. This
result follows from the fact that in this reglon the flow has no information of
2 length scale (note that chis would not be true if the leading edges were not
sharp or if the flow were viscous). In the following we restrict the discussion
to the conical flow region.

In the special case of r.r., Fig. 2a, it is possible to reduce the problem to
one of planc flow as follows. Consider the line of intersection of the wedge
shock with the plane of syemetry, i.c. the lise 0B, Lot the plane P be per-
pondicular to this line and consider the velocity components in this plane.
Sineco the dircction OB is parallel to all the shock waves in the flow, these
shock waves can only affect velocity compononts wormal to the line OB. Hence,
the conical flow of Fig. 2a can be generated by superigposing a wnifors flow
norwal to tha plane flow of plaune P. Notice that this is not truze in the case
vhere a M.r. occuvg, since vo direction can be found which is parallel to all
the shock wawes.

$o long as the veflection s tegular, however, the superposition is valid, We
therefova conclude that the criteria kuown from two-dimensional flows cam be

usad to deacvibe the failure of regular rveflection, i.e. the tramsition from

r.t. to H.r. ia cornexr flows.

We restvict ourselves now to corner flows with cross—-flow Hach nuzbere M.

‘e Kgoh number in plane ) lavger than 2.4 (for air with v = 1.4), In this

case the transition from £.v. to M.vr. occure at a particular condition, the so-
called von Reumsua ccadition

8= é\*(sc‘ Y),
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where € is the shock wave angle. This condition means that in steady flows the
transition takes place when the pressure behind the reflected shock just equals
the pressure which would be generated by a normal shock at the same free-stream
conditions, see Hornung and Robinson’. R.r. occurs when 6 < 6% is fulfiiled.
Otherwise M.r. will occur,

The cross-flow Mach number and the shock wave angle 8 in the plane P can be cal-
culated for a given corner geometry using the oblique shock relations. Knowing
the cross-flow Mach number, the critical shock wave angle 8% can be determined
by applying the von Neumann condition. Accordingly, we expect a r.r., such as

in Fig. 2a, for 6 < 8% and the M.r. of Fig. 2b otherwise.

Varying the geometrical parameters in a numerical study it turned out that r.r.
is possible In cormer flows. Fig. 3 shows an example for an air flow at M = 15.8
in a corner with unswept leading edges. Transition between r.r. and M.r. occurs
at the plotted curve. In this plot the points indicate those geometries which
have been iInvestigated by Kipke and Humrel®, They observed M.r. in all cases,
wvhich agrees with our theory. Generally, it was found that all the corner geo-
metries which have been investigated (in the literature known to the authors)
and for which the crosa-flow Mach number was larger than 2.4, are in agreement
with the theory.

Since M.r. was observed in all these experiments our experiments were designed
in order to verify whether r.r. is possible in cormer flows.

3. EXPERIMENTS

A corner model was built with twe plates consisting partly of glass in order
to visualise the flow field inside the corner with optical methods. It was
constructed in such a way that two of the geometrical parameters could he va-
ried easily, namely the corner angle and the angle of attack., The model had

a conlcally widening slit at the line where the two plates would joim. This
turned out to be necessary in order to avoid multiple shock reflections which
eventually would suppress v.r., a phenomenon which has been discovered in ear-
lier experinents.

Experiments were carried out in the DFVLR Ludwieg tube at Gittingen at a free~
stroas Mach number of 6 and a Reynolds number (based on the length of the lea-
ding edges, b » 80 wmm) of 1.20 x 10°. Additional experiments were pertormed in
the BFVILR Trisonic Blew-Down Windtunnel at Colepne at a froe~stream Mach wumbay
of & and a Reynolds number of 6.24 x 10%. The shock structure in the corner

was visualized by the Schliieren method {n the Blow-Down Windtunnel and by a
Sehlioren Interferometay using tvo Wollasfon prisms (for reference sce Merz-
kirch?) in the Tudwieg tube for better resolution of the lower deasity. Both
wothoda are sensitive to density gradients in the flow and yield a projection
of the three-dimenaicnal shock structure. The edges of shock wave surfaces
appear as¢ sharp lines on the projection. It {s {mpossible to obtain information
about the threu-dimensional nature of the shock wave structurs with a single
projection. However, by revording a number of projections at different angular
viows, the shock wave structuré can be reconstructed by means of tomography
(tomography is a methed o veconstruct a three-dimensional object in an arbi-
trary section by a numbor of prujections).

in order to record projections at different angulav views the model was rolled
about the free-stream £low vector in an angle tange of 90°. A total mumber of

30 difforvent angles vas recordud for each corner configuration. The shock wave
structure in planes normal to the froe-strean direction was reconstructed with
two different tomographic methods. Cne is a graphical spproach based on a sim-
ple back projection of the loci of the discontinuities, i.e. shock waves, scen
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on the photographs. The other is a numerical method, which is called convolu-
tion-back projection ir the literature. We used a similar algorithm as Shepp
and Logan9 with an identical filter function. The projections were przpared in
such a way that for each recorded augular view a marrow Gaussian distribution
function was superimposed at those loci where shock waves were seen and set to
zero elsewhere. The projections generated in this manner were discretized and
fed into the reconstruction algorithm.

4. RESULTS

Fig. 4 shows the result of a reconstruction for a slitted corner with unswept
leading edges having a cornmer angle of 2\ = 68° and an angle of attack of

6 = 15.5°. The free-stream Mach number is 4.0. Fig. 4a shows a perspective
view on a plane normal to the free-stream direction. By projecting the ridge
lines into the Y,Z-plane, see Fig. 4b, one recognizes that they represent the
location of the shock waves. In this particular case it is a r.r.. The embed-
ded shock waves have not been reconstructed for convenience, because the pur-
pose of this work is to investigate the way the wedge shocks interact with
each other. The earlier-mentiomed slit in the cormer can be seen clearly in
Fig. &b,

Fig. 5 summarizes all the corner geometries investigated and the type of shoeck
reflection obtained. The two plotted curves indicate where transition from r.r.
to M.r. occurs according to the theory. It has to be mentionad that the M = &
curve in the plot starts at an angle of attack of 15°. This is due to the fact
that for values smaltler than 15° the cross-flow Mach number is swaller chan
2.4. These cases have been eéxcluded in the present theory. The experiments
clearly confirmed the occurrence of r.x. in certain corner geometries. They
fall into the rauge predicted by the theory. Generally, we found good agree~
zent between axpeviment and thsory, as ghown in Fig. 5.

5. CONCLUSIONS

Pravious investigstions have only obscrved Mael reflection in cormer flows. The
present work has shown thatt

t. The conizal flow model allows the failure of vogular reflection to ba des-
cribed by two-dimensional theory.

2. The conditions at which provious experiments were conducted all lie in the
vange where this thoory predicis Mach reflection.

3. In the range where regular veflection is pradicted, multiple reflection in
the corner preveats it,

&. Multiple reflection may be avoided by opening the coruer with 4 conically
widening slit,

5. Transition frow reguiar to Mach reflection with such 3 wwdel was observed
to occur at the condition predicted by the theoty, using optical aud towmo-
graphic techniques on a transparent modal at two Mach nushers.
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Figure t: Shock wave reflection in steady two-dimensional supersonic flov,
1 a) regular veflection (r.v.), b) Kach reflection {M.r.)
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Figure 2: Shock wave structure in supersonic corner flow
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Figure 3: Calculated occurrence of r.r. and M.r, in corner flows at M = 15.8
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Figure 4: Tomographi- reconstruction of the shock wave structure of a corner
flow field in a plane normal tc the free-stream direction.
M=4, a=15.5°, 21 = 68°, distance from the apex: 53 mm,Y ™ {SLH
a) perpective view on the plane, b) reconstructed sectional shock
wave structure

128
1o
100 Mach
reflection
)
e A
< 80 [
o \ P -
\.&\NNN M=
69 o 4 o
M=6
regular
% = reflection
.a Ll

18 12 14 6 18 2 22 21 % 2w W
a

oM =¢, AM=z=; Mach refleciion
OM =286, AM=4: rvegulor reflection

Figure 5: Experimentally determined shock wave structure in cotner flows com-
pared with theoretical calculations; y = 1.4




EXPERIMENTAL STUDY OF SHOCK WAVE REFLECTION
IN A NARROW CHANNEL
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Shock wave reflection in carbon dioxide has been
studied in square and three different rectanguler
channels with heights (lowest dimension of chan-
nel cross-section) comparable or leass than the
height of bifurcation zone of reflected shock
wave. In this case secondery shock wave is formed
behind bifurcation .:one and follows the reflected
shock. The influence of channel cormers was found
to retard the point of boundary layer separation
in close proximity of channel ribs and entails the
disappearance of separation on narrow faces of the
channel when the opposite bifurcation zonea close.
The specific feature of the pressure distribution
on lateral wall was found to depend on pressure
measurement position and is defined by the dimen-~
sion of bifurcation zone., It is shown that pressure
in the point of boundary layer separation exceeds
by fifty percent the stagnation preasure of boun-
daxy layer oaloulated from Mark criterium.

1. INTRODUCTION

The bifurscation of reflected shock wave is the subject of
many studieas that is due to naoP§gity of gas stete determination
near the end wall of shook tubel

In all papers this gasdynamic phenomenon was examined ass a
two-dimensionel one without teking into account the effect pro-
duced by the side walls although all studies have beern carried
out in tubes of square and rectangular cross-gection. Influence
of corners in many cases could be discarded. Nevertheless the
singularity of flow neer corners can be decisive on the entire
field of flow in sufficiently narrow channels whea the dimeusion
of channel cross-section is comparable witk the height of bifur-
cation cone. The complex flow near channel corper is hard to be
experimentally studied because this region is covered up by the
process of reflection on the channel axis. To be noted that pecu-
larities of the reflection with strongly proncunced bifurcation
and the filling by the bifurcation zone of the crosa-sectipn of
the channel were primarely mentioned by Strehlow and Cohen.

In this paper the shock wave reflection was studied msinly
in carbon dioxide becauss in this case we have e more developed
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form of bifurcation in comparison to bi-atomic gases, which gives
the opportunity to find out the complete structure of the flow.

2. EXPERIMENTAL EQUIPMENT

The study of shock wave reflection was carried out in one-
diaphragm shock tube of conventional type of square croas-section
T72x72 mm, length of driver section was 1.5 m, of driven section-
6.5 m. Driver gases were nitrogen and helium, driven gases were
carbon dioxide, nitrogen and air with initial pressure p, in the
range of 5 - 35 mm Hg, Mach number Mz of incident shock wavs
2.5 - 4. A four channel installation of Cranz-Schardin typed?
with 230 mm diameter of light windows beam was used for optical
obgervation of the flow., In three channels schlieren-photographs
of shock reflection in different time were itaken using light
source of C,5 mes duration. In the fourth channel schlierem
streak photograph was registered using light source of 1 ms
duration.

Piezo-gauges were used for presgsure measuring on the shock
tube lateral surface near the end wall.

Sharp plates were placed in the experimental part of shock
tube in ordexr tc¢ study the process of reflection in channels of
different cross-section. These plates cut out a part of the in-
cident shock wave. In fig.1! one can see the position of the
plates and plezo-gauges and image of slit of the photo-streak
camera. Four channels have been used with the width of 72 mm and
different height of 72 mm (A), 56 mm (13), 22 mm {C) and 8 nm (D).
The end wall of shock tube was movable (in channel A) which enabl-
ed one to alter the dimension between end-wall and window.

3. EXPERIMENTIS

In Fig.2 typiocal gchlieren-photograph of reflection in CO2
(channel A, pe= 10 mm Hg, Mg = 3,57) and suitable scheme are
presented. Reflected shock wave moves from left to right with
velooity Vp , point of boundar{~layer geparation A and correspon-
ding line cf separation A' on the window of shoock tube move with
veloclity Vi, gas flow entrained by incident shock wave moves with
velooity Ui. The front leg AR in the bifurcation foot forms an
angle ¥ with lateral wall, preassure behind front leg is pa .
Rear leg RS and slipstream RT are parts of three~shock configura-
tion. Trajectory of point R is indiocated by dashed line OR, dis-
tance of point R from the latersal wall, e.g. height of bifurcation
foot, increase linearily with the distance from the end wall,
further on its growth decresses and stops when stationsry A -con-
figuration is8 obseéxrved.

The experiments have shown the following featurea of the
reflection procesgs. At the end ﬁlate of ahock tube, vortex is
formed along the perimeter of shock tube oroasueeo%ion. Itas for-

mation at end wall is due to cgonsiderable velocity gradient
across slipstream RT, which is characteristic of gasea with low
( ~specific heat ratio). The second peculiarity, comnected
with the influence of channel corner is deformation and retarda-
tion of boundayry layer separation lines A' near channel corner.
The length of deformed part of line &' is of oxrder of bifurcation

foot height. Line S' of end of the rear ghook RS 1s deformed too.
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The third peculiarity is the formation of the secondary shock
wave F in flow core following the reflected shock R. In narrow
channels this phenomenon is pronounced more clesrly and the sys-
tem of the consecutive shocks might be observed as it was found
by Strehlow and Cohen®

The formation of F-wave coincides with the moment, when
bifurcation zone takes the major part of the cross-section of the
channel. The problem of the formation of the F=wave requires the
congideration of the nomplex flow through the moving nozzle with
deformed walls, formed by lines AS.

The line behind the shock F in Fig.2 corresponds to the
back side of the slipstream RT, which marks the dimension of the
bifurcation zone.

The behaviour of reflected shock in the narrower channels in
illustrated by the schlieren-photographs in Fig.3. In this case
the influence of the channel cormers and bifurcation zones on the
flow core is more pronounced and one can note follows. At the
reflection in channel B the parameters of bifurcations on the
slde wall of the shock tube are equal to those on the sharp plate
surface, although the boundary layer parameters are different in
these cases. The difference between separation lines A' in N2
and CO2 can be seen for chammel B. The shock wave reflection in
CO» leads to the appearance of stronger disturbances and vortices
behind reflected shock than in Na.

In channel C the bifurcations closed. The influence of chan-
nel corners applies to the whole flow near narrow channel faces.
This results in strong deceleration of the separation line A' and
dlsappearing of boundary layer separation on the narrow faces.
Reflected front transforms in a wedge-like surface, which cen be
agymetric.

In the narrowest chamnel D the refleoted front transforms in
one oblique shock wave. In Fig.4 streak-photographs and pressure
oscillogramns for stations X and Y in chanmel A are presented.

It ocan be seen that at station X the pressure grows jump-like up
to the value Py at the moment of the passage of the separation
point A. After that the pressure rests constant during about

50 mos and then rises to the value of refleoted shock pressure Pg.
At the station ¥ greseure grows graduelly (during about 1 ms)
after paassege of the point A, till the contect surface arrivsl,
separating driven aﬂ? driver geses in shock tube. The same wag
mentioned in study for air and COp, Difference in piezogauges
data is determined by the structure of bifurcation sone, regis-
tered by the mean of stireak records. Near the end wall the bifur-
cation zone has a very small length, and takes 50 mos to pass
gection X growing linearly. Mean while the reflected shock re-
moves from the end wall, self similarity is breaking, eielding
the deceleration of the back point of the geparation zone, whioch
isn't achieve section Y.

Searching streak records one ocan seo that the secondary
shock F arises in the case of well-developed difurcation and in
our cage is not connected with interaction of reflected wave with
contact surface as it was observed in study 5. This faot can be
seen in Fig.4 on the lower atreak photograph, recileved with the
observation window, being displaced from the end wall at 45 mm.

The sensitive cheracteristics of the dbifurcation are the
parameters of the front leg AR. In Fig.5 the variation of P, /P4
is presented by the circles where P, is the pressure in the
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geparation point A under the front leg and P4 - the pressure
behind incident shock wave. Open circles correspond to the measu-
rement in station X (digtence from end plate is 25 mm), black
circle - for section Y (distance 85 mm), half-filled circle cor-
respond to measurement in section X, but with displaced end plate
(distance from the end plate 71 mm). The curves represent the
calculated valuea of the boundary Alayer stagnation preassure in
reflected shock cpordinate system® , curve 1 - calculated, using
velocity VR from 48 | 2 - for the average experimental velosity

Vg , in the chammels A and B, measured in the sections X and Y,

3 - for Vg , calculated with{ =1.29, Curve 4 is Pa /P4  calcu-
lated from aversge experimental velosity V. . The experiments
show that the pressure Px in COg at developed bifurca}ion is
about 50% over the values, yilelding from Mark's model? . The
pressure near the end wall is independent from Mg for the range
of Mg = 2.5 - 4 and lowar than the pressure at the distance
70-80 mm from the end wall.

Presgure Pa can be obtained also from the front leg para-
meters. The experimental data: V. , front leg slope ¥ and velo-
sity of flow gives v%&?es P, /P4 , represented in Fig.5 by hat-
ched region 5 (using * ) and 6 (for g~ = 1,29) for corresponding
sound veloocity. The values of P) from front leg parameters are
coincident with the plezogauge-measured data.

Experimental values of PR at the side wall of channel A can
not be applied as a state con%ition parameter near end wall, as
this was marked also in study * . The dispersion of Pr signifi-
cally exceeds typical experimental erxor.

CONCLUSION

As the result of presented study in €Oz, it has been shown
that the reflected ahock-boundar{ layer interaction trends to
the formation of complex flow pattern with the secondsry shock
wave behind reflected shoock as the heights of bifurcation zones
become comparable with the height of channel. The influence of
the channel cormers, resulting in separation point degeleration,
is more pronaunced at cleosing of bifurcvation zones in narrow
channels. The pressure at separation point does not agree with
the calculated values using the Marxrk's model.
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FIGURES CAPTIONS

in Fig. 1. Scheme of rectangulare channels. All dimentions
Dm.

Pig. 2. Bifurcation of reflected shock wave in channel A.
CO2 4, po = 10 mm Hg, Ms = 3,57. R - triple point, AR and ¥ -
the front leg and its slope, RS and S' - rear leg and its back-
line,RT - slipsteam, A and A' - point and line of boundary layer
separation, F - secondary shock wave, Vg and V) - velosities of
reflected shock and separation point.

Fig. 3. Schlieren photographs of reflection in different
chamels. 1 - channel B, N2 , po = 35 mm Hg, Ms = 2.59, 2 - COa ,
Po = 12.5 mm Hg, Mg = 3.09, 3 - CO2 , po = 5 mm Hg, Ms = 5.56,
4 - channel C, COp , po = 25 m Hg, Ms = 2.59, 5 - CO2,
§° = gozgm Hg, Ms = 3,41, 6 - channel D, COa2 , p, = 20 mm Hg,

S B JelDe

Fig. 4. Variations in pressure on the side wall of shoock
tube and streek photographs for shock wave reflection in CO2
in channel A, p, = 10 mm Hg, Mg = 3.15. Upper record, pressure
in section X; lower record - in section Y, sweep speed -
100 mos/dive 1 - photo taken with oscillograms, arrows show the
piezogauge positions; 2 - photo with FP-wave more pronounced;
3 - photo with deplaced end wall by 45 mm. I.S. - incident shoock
CeSe = contact surface.

Fig. 5. Relationship between pa /p; and Mg in COsz, channel A.
192:3,4 - boundary layer ctagnation pressure? , using Va from %
(1), experimental values Vi (2) and Va for §* = 1,29 (3):

4 - using measured Va . Open oircles - pa /ps in section X,
black circles - for section Y, half-filled circles - for section
X with displaced end plate by 45 mm. 5,6 - caloulated values

pa /pt using ggperimental paramaters of front leg with sound
veloaity from ¥ (5) and for p~ = 1,29 (6).
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AIR-INDUCED GROUND PRESSURE WAVES
IN GRANULAR SQIL MATERIALS

D. Hveding

Norwegian Defence Research Establishment,
P O Box 25, N-2007 Kjeller, Norway

The report deals with certair aspects of wave propagation
in and the dynamic reaction of a granular material when
subjected to an impulse load of long duration., The ex-
perimental set up generates uniaxially transmitted and
(normally) reflected pressure waves. The measuring tech-
nique and ins:irumentation are briefly commented. The
basis for a simple theoretical presentation of relations
of interest for the experiments is given. The main ex-
perimental results eve summarized. Some of the theoreti-
cally predicted and the measured data are compared.

1. INTRODUCTION

A granular scil material (as sand) under an impulse lecad, can
be shown to be influenced by several factors that should be brought
into a set of equatiors in crder to properly describe the dynamic
reaction of the jnaterial. Experiments concerning wave generation,
transmission an® reflection for qiven sets of initial condirions
and recognizing the two (three) phase nature of granular materials,
should improve the hasic understanding of the granular material
dynamics, This paver will present some results of our theoretical
and experimen:al investigatiors concerning air-induced ground pres-
sure waves in granulav materials (sand). The experimental set up
was made geometrically simple and the test conditions were well
defined and made to match the theoretical assumptions as much as
possible. In particular a continuum theory for granular materials
wil)l require material homogeneity (velocity fields) for the soil
dynamic experiments,. Preliminary investigations were therefore done
in this and other problum areas.

2. LOADING SITUATIONS, EXPERIMENTAL SET UP

The stadvy assumed a lcading situation determined by an alv-
shock wave sweeping over the horizontal surface of a uniform ov
homegeneous gsemi-infinite granular material, Figure 1.1. The qene~
ral loading situation is, at each nosition assumed to be similar
to a one-dimensional (uniaxial) piston Lype of loading on the sur-
face, Fiqure 1.2, and will generate separvate uniaxial pressure
waves in the sand with assumingly no interference by means of an
impulse transfer mechanism. The front position of these waves will
he renvesented by the wavefront line, which for increasing time is
propagated {n the material in the horizontal direction. This is
indicated on Pigure 1.2 for a constant and sweeping surface
loading. The paper will consider the loading situation over a
period that clearly reflects the dynamic reaction of the material.

A test contaliner (figure 1.2) connected tc a 400 mm diameter
shocktube was filled with a well dafined type of sand and compacted
in a special way so that the dry density of the bulk material was
close to constant in the volvme. A stable but incroasing moisture
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content with depth rould not be avoided. The different experiments
wer2 all performed on the same type of sand and with {close to) the
same initial parameter data and air shock loading. The long dura-
tion air shock nominal strenqths P = 2,5. Bulk material average
dry density p_ = 1730-1780 kg/m . fle moisture content close to the
surface w » 5% and bottom (2 = 500 mm} w » 10%, The grain diameter
was mainly from d = 0.3 to 0.6 mm

3. TRANSDUCERS, INSTRUMENTATION

Transducer weight, size, shape, orientation and their mostly
*free floating" contact condition with the sand particles are some
of the important parameters to take into account in order to mea-
sure representative data for the pressure waves. Practical measur-
ing problems and the complex dynamic behaviour of the grains deter-
mined the design and use of three different transducers with the
necessary dynamic response to yield three independent groups of
realistic data. The S~transducer was made as a 3 mm thick round
disc placed as shown, Figure 2.1, It will measure the average side
oriented grain pressure. From separate experiments it was possible
to determine a factor k, that will correlate the normal average
pressure-time (H-t) dat; referred to the average grain contact area
to the measured side oriented graig pressure-time (G-t) data. The
A-transducer was made small (<1 c¢m”) and light weight (ca 2 g) and
will respond to the real changes in the average grain motion
induced by the uniaxial pressure wave._This transducer will thus
give average grain acceleration-time (a,-t) and velocity-time
{v,-t) data. The A-and S-transducers are placed in paivs in the
ceﬁtet x~2 volume (100 mm apavt sideways) in a measurina voint grid
(up to 100 transducers), Figure 2.2. This gives a necessary
measuring redundancy. The grid system was, however, primarely used
to obtain a sufficient amount of travel time data (t,, te) from
which the wave front positions and the wave front vezociéies
(Cz .ng) can be determined to a satisfactory deqree of accuracy.

4. THEORY
‘The granular theorv as developed byx 28 has been applled to

the experimental wave transmission. Generally the theory will pro-
vide a gualitative background for defining a reaction model that
will include the general features of the measured results. A short
presentation of certain,gelations of interest for the experimental
situation will be given’ . Najor assumptions are: )

1. The uniaxial loading situation results only in an irreversible
compaction or distension of the uniformly distributed granular
material made up ?f non-uniform grains .
. The wave propagation is uniaxial, the z-divection )
. The grains are incompressible, non-crushing and noabending
. The different cohesion forces are smzll, the main intergranu-
Aar forces are ba?ed on frictio§a1 effec}g

oistute and gas in the}pore Yg uke are lgnored éma?si and

3] a- 3 wi . -phase materia

Rotatute géﬁggﬁtOS?lfl neflonce Ene 3ngaﬁ¥c Ceaction of the

granular material bty changing the mobility of the grains

. The wave front velocity (C,) during the loading at each
measuring point is constanf

8. The dvv-density o_(x,z,y) is assumed constant, qrain pressure
due to weight (d ) {5z neglected, constant temperature
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9. The continucus distribution of the grain volume will define
the bulk material and the deformation field at each position

The granular material has the structure of a distributed body
which can be considered as a continuum. The densit% of the material
at any point (xi) and time (t) can be expressed as

Any changes in the material density (p) will only be deter-
mined by the volume distribution function (v) when the grain den-
sity function (y) is constant. The variable v is defined as
) GRAIN VOLUME (V)

TOTAL VOLUME (V)

Changes in v will reflect the relative motion of the uniformly
distributed grains in a control volume as a result of a directed
grain compaction or distension and therefore of the pore volumes.
The parameter will define the average grain motion at each position
during a loading situation. This can formally be developed from a
theoretical kinematic point of view resulting in

(4.2) A>p>a

- " + = 2 v
é_-g.'.!.-:! .'LI:!- 3 QV-'-L
(4.3) PN {4.4) X %-+(%) (4.5) " g

These relations will give a direct_connection betwegen the
measureable average grain acceleration a, and veloeity v, and the
v-function and its time derivatives as a measure of the dverage
granular motion, assuming a constant v = v_,

The dynamic reaction of or the thermo-kinetic procass in the
material as represented by several dependent variables R;, will be
assumed dependent on the injitial value of the volume distribution
function (v ), changes in v and the entropy changes ({) assosiated
with the prgcess and given by

(4.6) Bty uipmvei)

The formal thermodynamic procedure used to establish the con-
stitutive equations and the required restrictions for the§eatg ke
valid under the given assumptions, will not be given here .

Based on the above relations one can write the conservation
laws in terms of directly measureable parameters and thus in a
"simple way"™ express the effects of the granular material dynamics,
The conhservation of mass will for the glven conditions bhe expreéssed
by a relation similar to equation {4.3). The conservation of linear
monumentum will give an expression rvelating the pressure forces (S)
and the resulting changes in the average grain acceleration (ak)‘
Heve S can only be determined by the variahles expressed by R,
equation (4.1) and {4.6). The thermo-kinetic process will alsé
require a balance of forces. The intergranular forces that deter-~
mine the compaction/distension of the materia ﬁh) can be related
to the measureable average gqrain pressure (B) « This will depend
oti Vv and its time derivative. The body force ¢ represents the
intergranular forces that are determined by fricitional effects and
are dependent on V. These forces will have to be balanced by an
inertia force % expressing the dynamic effects of the relative
gotion of the grains. It may be telated to the mobility of the
grains and will be influenced by the i{nitial parameter data. The k

will be a function of v and Vot the other two variables are consti-
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tutxvely related as given by ., equation (4.6). The ¥force balance
equation will relate thuse pardmeters

(4.7) B ks =fiyiyigen

By combining equation (4.7) with the linear momentum equation
and substituting the pressure force S by B one finds that

(4.8) B=p, W C =Hig

Integrating equation (4 7) regults in an expression for k or
k+Vv as function of the qraln pressure B, For the given assumptions
one can =2xpress the grain parameters (k and B) by the variable v
and its derivatives by using equation (4.5) and (4.8). The inertia
term k will primarely be associated with the integrated effect of
the grain comgactlon/dxsten51on (8v) or the average uniaxial grain
deformation The pressure term B will be proportional to v, or
av for constang C_, and p_ . The equations can be used to show the
parameteric relation for® the front velocity Cz as

3 dk P2 N
(4.9) c!.i; K; Ua‘*'l ) Ve
This is a complex relation in spite of the simplifying assump-
tions, The constrained modulus M, can be expressed as

(4.10) uvn;%‘g;'7°.c:.!h

It was assumed that C_ was constant f ex over the impulse
loading time (t, , Figure 3.6), consequently also M, and B/% (or
B/a,, equation ?%.3)); must be constant with the implications this
wxl* have for the parameters in thi above egquations and the possi-
bility to determine different variables in an independent way.

Normally reflested uniaxial waves (from hard reflectica sur-
faces) that can be considered supevimposed on the transmitted (T)
wave, can directly be revresantad by the given theory (f ex equa-
tion {6.2)). A granular reflection theorv under Jevelopment will
express the dynamic reflection procass in 2 similay wav as above .
Por the purpose of data comparisan 2 theovetically based empirical
expression iz qiven by equation {5.3},

5. EXPERIMENTAL RESULTS

Some of the resulis concerning the transmitted (T},and the
normally refliecisd {R) pressure waves will be presented . The
measuring point grid qave travel time data for the transmitted {t3)
and reflectad (t.) waves from which a series of wavefront curves
{x-2-t) ag shown on Figure 3.1 were obtained. These curves gave
data for the wavefront velocity C,(z) for the T-and czR(zz for the
R-wavefront curves, Figure 3.2. Both wavetypes were uiilaxial. The
z-dependence of the front velocities were also influenced by chan-
ges in the effective density (p,) of the material (f ex moisturej.
This will affect the grain inertia term (k) and grain mobility.

The grain pressuve (8~ and P-) tranducers and the accelerome-
ters {A-transducer) gave consistent data thai corvelated well with
each other and the travel time data, Pigure 3.3 and 3.4 show typi-
cal or average amplitude-time histories vepresentative for all the
experiments where unjaxial wave data were measured, Characteristic
average maximum amplitudes are presented on Pigure 3.5 &nd 3.6. The




Hveding: Air-Induced Pressure Waves in Granular Soil 175

steep z-gradient of the maximum amplitudes without loosing the
general form for the amplitude-time curve is interesting. The re-
flected wave can be congidered superimposed on the transmitted wave
as shown in Figure 3.3 and 3.4. Clcser to the reflection surface
the loading situation becomes increasingly complex. On the surface
itself one has measuresd a large normal reflection pressure (H,)
(typically 4-6 times the undisturbed transmitted wave right above

_ the surface) that remained high over a long ,»2riod, Figure 3.4. The

reflected waves, after a short distance above the surface, show a
marked amplitude reduction (Figure 3.6) at the same time as the am-
plitude~time histories are changed ("stretched out®)}. The measured
results generally support the theoretical formulation of section 4
over and at a solid and rough reflection surface for an impulge
dominated wave loading. A few observations will be included

1 The front velocities C_ and C R €&n he considered constant at
each position over the“loading times. Small and consistent
deviations could be detected especially fog the reflected wave
Measurements showsd that the relation T = /aIs = constant was
generally valid, Section 4, also for the normilly reflected

wavas over tha reflecting surface

&)

3 The g-term {equation 4.7) was small in relation to the normal
qrain pressure (H)

4 The molsture content and distribution influenced the wave
transmission measureably

5 Only one type of pressurs (compaction) wave was generated in

the material, this is theoretically expected
6. THEORETICAL-EXPERIMENTAL DATA

An indication of how well the theoretical formulation can pre-
dict consistent measured data for defined initial parameters, will
be given by comparing calculated results using independent measure-
ments in connection with different theoretical relations. Some
sample calculations are shown below, the data are taken from the
presented figures, the previous sections and from different mea-
surements not presented. The calculations are made for positions
clogg to and on the reflecting surface, 2 = 450-500 mm, Figuve
2,27 7. With reference to equation 4.8, Figure 2.2, section 3,

B =« + g =}, the norma)l maximum pressure for the transmitted and
normally reflected waves are given by

{6.1a, b) H «p -3¢ =kT

(6.2a, b) AMg=p,-dig Cp = by a0g

The k,-factor is assumed constant over the loading time and
was determined by separate experiments. These data compare well
with values that can be obtained from a theoretical expression
assuming the condition given in section 5, point 2. The total
reflected presgsure Hy may be given a thecretical-empirical fovm

(6.32, b} Mpeny 3y, +Ka) Cg)ony Gy

where K(2z) is a dvnamic correction factor characteristic for the
reflection process close to and on the reflection surface. K{2)

decreases above the su:lace,
The constrainsd sotuius H, is calculated according to equation
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(4.10) and must be considered as an average value over the loading
timz since C_ (and C R) can only be constanrt under certain condi-
tions. The eﬁpressioﬁ for C_, equation {4.9),,can for the test
conditions be shown to rediice to the form (ak term dominates)
(6.4) ¢l=k"§fi v (6.5) C,=H/E " p,

Equution (6.4) can be compared to an expression for C_ deduced
from the linear momentum equation, eqnation (6.5). The ineftia term
can be estimated from equation (4.7}. In general will C, vary over
the loading time (se«tion 5, point 1).

By using corresponding, representative and independently mea-
sured data, one can calculate and compare the results given by the
presented exprescions. The following tables give some results

kN/m~ Jeq (b6.Ta)Jeq (6.7b) ] egq (6.2a) leq (6.2b) [ oo = 1750kg/cm |
B 90 100 - - ki1 = 3.3
AHR - - 102 100 Czr = 450 m/s
ef I Tactor R = (BBRFHT/H ~ 2 ~ 2 Cy = 300 nm/s
]
kN/m”> | eq (6.32' _ eq (6.3b) | X9 = 1.7 .
HR 480 K = ' 510 po = 1750 kg/m
R ~ 5 Cy = vl m/s ~ 5 Refl factor R = HR/H

The modulus (eq 4.10) M_ = 2600 - 300% = 235.10° kN/m2.
The front velocitv CZ can pe estimated by equation (6.4} and (6.5).

m/s eq (6.4) eq {6.5)
c, 350-270 Yy = 0.65 285 ky = 3.3 3
a max = 200 g Py = 1750 kg/m

The calculated data are in failr agreement with the measured revdre-
sentative C, = 300 m/s for z ~ 450-500 mm {Figure 3.2).

7. CONCLUSIONS

The study has shown that a simple granular theory based on
grain dynamics can give a representative description of the dynamic
reaction of a granular material and a first order approximation to
the neasured data. Acceptable agreement hoth qualitatively and
quantitatively was obtained for the different parameters for the
uniaxially transmitted and normally reflected pressure waves in the
moist granular material. This was demonstrated for the impulse
dominated grain compaction during the loading risetime, This situa-
tion will also imply that the experiments at each position will
give a deformation tield comparable to the theoretical require-
ments. For other time periods and loading situations, different
grain dynamic forces (theor.tically described) will make influen-
tial contributions in determining the reaction model for the mate-
rial. The initial parameter data will be of impcrtance since these
affect the grain mobility. Various reflection geometries and a non-
uniaxial wave propagation will introduce complicating factors. The
study suqgests that also these situations can be theoretically ex-
pressed based on the general granular theory and vield data repre-
sentat ve of the measured results. Further work is planned and in
progress for the purpose of determining the characteristics of
dynamic reaction models for granular materials in a wider perspec-
tive. Here both simplified and direct expressions as well as com-
puter programs will be nf interest in order to determine the
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loading function in connection with structural dynamics.
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The propagation of waves in a Hartmann-Sprenger tube
having an area constriction is studied both theoretical-
ly and experimentally. It is found that there are seve-
ral possible modes of oscillations within the tube. The
ohserved mode depends on the diameter - and length -
ratios of the upstream and downstream parts of the tu-
be. The mode also depends on the Mach number of the ex-
citing jet. In the "first" mode, the shock wave genera-
ted in the upstream cavity is transmitted trough the
area change and strongly aemplified. In higher modes, the
incident wave in the upstream cavity meets, near the
area change, a shock wave traveling in the opposite di-
rection in the downstream cavity. For a given total
length, the oscillation frequency cf the 3rd and 5th
modes are approximately 3 and 5 times the frequency of
the ist mode, respectively. The thermal effects, essen-
tially due to repetitive shock heating,strongly depend
on the oscillation mode., In the lst mode, the tempera-
ture steadily increases along the tube, with a steep
temperature gradient in the downstream cavity. In the
3rd mode, a steep temperature gradient is observed

near the area constriction whereas the temperatuve is
high and almost constant in the downstream cavity. The
influence of the shape of the joining section between
the upstream and downstream cavities has been investi~-
gated, The highest shock intensities and thermal ef-
fects have been cbserved with a sinusoldal converging
section.

1. INTRODUCTION

At the 13th International Symposium on Shock Waves and Tubes, it was sho&n&
that a Hartmann-Sprenger tube (HS-tube) presenting a sudden change in cross
section could produce high amplitude pressure waves, The configuration studied
is shown in Fig. 1. A high speed jet flows out of a "needle" nozzle and drives
flow oscillations within a tube with constriction. A simplified wave diagram
for the flow within the tube was proposed. A theoretical awplification was de-
rived and experimental values were in good agreement with the predicted ones.
Subsequently, it was found that several modes of oscillations are pnssible3,
The wave diagram as well as the thermal effectsare quite different for esach mo-
de. This is important when one considers the H.S.-tube as an igniter for pyro-
technic compositions™.
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Linear acoustic theory gives some idea on the possible oscillation modes.
However, it cannot predict which one of these modes will be observed. Also, be-
cause the oscillation amplitude is very large and can attain several bars, it is
not surprising if one finds substantial deviation between measured and calcula-
ted frequencies. The agreement between numerical experimental values and compu-
tations made with the so-called FLIC-method (fluid-in-cell) is much better.

2. LINEAR THEORY

The basic scheme of the linear theory applied to the single-step H.S tube
is as follows. The acoustic pressure in each cavity is given by the superposi-
tion of waves moving in upstream and downstream directions

by = Aej(wt - kx) . Bej(mt + RX): "

Cej(wt - kx) J(wt + kx;,

p2 = + De

where p, w, k, x, and t represent acoustic pressure, angular frequency, wave-
number, axial coordinate, and time, respectively; j is the imaginary unit and
subsripts 1 and 2 indicate the upstream and downstream cavities, respectively.

The complex constants A, B, C, and D are determined by boundary conditions.
These are given first by the reflection coefficients at the junction and at the
downstream end, and second, by consideration of the impedance at the mouth. The
reflection factors Rys and Ryy at the junction are given by

. {p1/p2)? -1 . ADg/p1)? -1
Ri2 = (oy/opp +1 ! Ra1 = Tbp/p)7 1

The reflection factor at the downstream end is equal to unity. Moreover, if the
amplitude of acoustic velocity at the mouth is kept constant, i.e., !u] = ug.
the unknown complex constants A, B, C, and D are functions of ug. When geome-
trical parameters are given, the acoustic impedance 2 = p/u at the mouth is a
function of frequency only. The eigenfrequencies are those frequencies for which
the impedance vanishes. The eigenfrequencies calculated with this procedure are
plotted in Fig. 4.

Particular values of eilgenfrequencies are

= A 0] i = A 8

fl a/’d(L1 + 12; --lf D1 D2 (ist wode)
= RPN 3 =

£, =3 1AL, + Lz)l i Dy # ‘D, and L, =2L  (3vd mode)
= | =

£, = 5 ja/alL, + Lz)l if D # D, and L, 4L1 (5th mode)

when the frequencies are close to one of these particular frequencies, the oscil-
lations are called ist mode-, 3rd mode-, or 5th mode-oscillatjons, respectively.

3. NON LINEAR THEORY
The wave phenomena are computed with a numerical method (FLIC methed) on a

two-dimensional model of the tube. The basic equations used are the continuity
and momentum equations

bp = v _ _
Dt+ pVv=0, pDt Vp

when p , V, p and t represent the denaity, velocity, pregsure and time, respecti-
vely. In these equations, friction and heat conductivity are not caken into ac-
count, but artificial viscous pressure is introduced for the stability of the
shock computation.

Wave diagrams obtained by this method are shown on Fig. 3. The diagramm
for Lz/Li = 5 shows very clearly the head-on collision of shock-waves at the
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step (Fig. 3a) and corresponds to the 5th mode., The computed frequencies are
indicated on Fig. 4.

4. EXPERIMENTAL SET-UP

In Fig. 1, the H-S tube with constriction and the supersonic "needle noz-
zle" are shown in schematic fashion. The length (Lj) of the upstream cavity
has a fixed value (80 mm) whereas the length {(Ly) of the downstream cavity can
take several values ranging from 80-480 mm so that the length ratio L2/Lji can
be varied from 1-6. The inner diameter Di of the upstream cavity is 18 mm and
the diameter Dy of the downstream cavity is 9, 6, or 3 mm, so that the dia-
meter ratio Di/Dp takes the values 2, 3, or 6. The diameter Dy of the nozzle
exit is identical to Di. Since non-linear theoryS applied to a sudden area
change (step) shows that the flow near the constriction has a two-dimensional
character, it can no longer be said that the step corresponds to a velocity
node, as linear theory does. It therefore appears that if a sudden change in
cross-section is replaced by a continuously changing section, the amplifica-
tion of pressure amplitude and thermal effects could be further increased.
Three different shapes of transition section, with length Lt, have been tes-
ted (Fig. 2}).

Pressure histories and time-average pressures are determined at various
positions in axial direction of the tube. Instantaneous pressure is measured
by piezoelectric transducers and mean pressure by a manometer. Three different
shapes of the needle laid upon the nozzle axis were used in the test., They were
giving correctly expanded supersonic jet for 3 Mach numbers : 1.2, 1.68 and
2.07.

5. EXPERIMENTAL RESULTS
4.1, Oscillation frequency

The oscillation frequency f in a constant area H-S tube is nearly equal to
the lst mode of the acoustic frequencies of a pipe closed at one end, i.e.,
fef, = a/4L, where ay represents the ambient speed of sound and L the pipe
length, The oscillation frequency is a slightly decreasing function of the jet
Mach number. Whereas the ratio f/fo is almost equal to unity for low values of
My, it is about 0.88 for My = 28 . The oscillation frequency of the constant
area tube is not very sensitive to the length ratio L/D, except for small va-
lues of this parameter where end effects become important. In contrast, the os-
cillation frequency in a single-step H-5 tube strongly depends on its geome-
trical configuration, the main parameters beirg the length ratio Ly/Li and the
diameter ratio Di/D3.

All the measurements reported in section 4.!. were made with the step con-
figuration (sudden change).

4.1.1, Influence of length ratio

In Fig. 4, experimental results of oscillation frequency in a single-step
H-S tube with D{/Dy = 2 are shown and compared with the values calculated by
linear acoustic theory and by the FLIC method for two values of My. The measu-
red frequencies are normalized with the acoustical frequency fo o% the total
tube length, that is, f5 = aa/4(Li+L3).

It is seen that over a certain range, the experimental value of the oscil-~
lation frequency slightly increases with the length ratio until it reaches a
domain of instability. In this domain, the frequency discontinuously changes
from {st-3rd mode. Then cones a range in which the frequency gradually increa-
ses until it reaches another domain of instability in which the oscillation
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discontinuously changes from Ird to 5th mode. It is also cbserved that the frequen-
cles given by the FLIC method are closer to experimental values than frequencies
given by lipear theory. The jump from one mode tc the other, however, is not
predicted accurately.

Fig. 5 shows the pressure histories for each mode at the middle position
of the downstream cavity and at the closed end of the same cavity. Pressure
fluctuations at the middle position are seen to be very different for each mo-
de. In the 1st mode they are similar to those of a coastant area tube and in
the 5th mode, they are almost identical to the fluctuations at the closed end.

In the 3rd mode, however, the situation is quite diffevrent because the
compression wave is not canceled by the rarefaction wave as happens in the a-
coustical case. This is because in nonlinear wave motions with traveling shock
waves, pressure increases discontinuously across the shocks whereas it gradually
decreases acrogs the isentropic rarefaction wave bundle.

4.1.2. Influence of diameter ratio

In all the tests reported above, the diameter ratio Dy{/D3 had a value of
2. This ratio is also an important geometric parameter for the wave motion in a
single-step B~S tube. If Dy{/Dy increases, the oscillation frequency generally
decreases, the oscillation mode being unchanged. Also, the domain of length ra-
tio for which the oscillations are unstable becomes wider. Mcreover, the criti-
cal length ratio for mode change is a decreasing function of Dy/Dj. Figure &
shows the effect of diameter ratio on frequency and on oscillation mode for a
single-step H-S tube having a fixed length ratio {L3/L1 = 2). It cen be obser-
ved that, for this length ratio, the ist-mode frequency is an increasing func-
tion of D1/D2, whereas the 3rd-mode has a congtant value corresponding to up-
stream cavity resonating at quarter-wavelength frequency and downstream cavi-
ty resonating at half-wave frequency. The critical diameter ratio for mode
change at high jet Mach number lies in the reqgion 2<D1{/D3<3, whereas for
M=1.2, it is smaller than 2. This is in agreement with the resulc veported in
Ref.5, where the critical diameter ratio for mode change was found to be 1.3
for low jet Mach number (Mjy¥1.34).

4.2. Thermal effects

The temperature distribution of the tube wall depends very strongly or the
oscillation mode.

4.2.1. ist-mode

For this mode, the incident shock wave is amplified by the constriction so
that maximuin temperatures are cbserved at the end wall. The shape of the cons-
triction has a strong eiffect on the temperature, especially for large diameter
ratios (Fig. 7). In the !st-mode, mixing of the driving and driven gas limits
the temperature in the upstream part of the cavity (Fig. 8).

4.2.2. 3rd-uode

For this mode, the incident shock is reflected at the constriction. Mixing
of the gas oscillating in the downstream cavity with the cold driving gas is
much reduced, so that an almost uniform temperature is observed in this cavity.
The shape of the constriction section has less effect on the temperature
(Fig. 9).

5. CONCLUSION

The influence of various parameters on the oscillation mode of Hartmann-
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Sprenger tubes presenting an area change has been studied both experimentally

and theoretically. It has been shown that the oscillation mode has a strong ef-
fect on the maximum attainable temperature, as well as on the temperature dis-

tribution. These results are interesting for applications, such as the so cal-

led *fluidic" igniter.
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Dy = nozzle diameter ; Li, Dy = length and diameter cf upstream
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Ly = length of transition section.
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This paper presents results of computational studies of
planar shock wave (both square wave and decaying)
interactions with ypstream high-sound-speed layers bounded
by a wall anc¢ ambient air. The computational approach taken
here solves the time-dependent hyperbolic¢ conservation
equations of inviscid gas dynamics usirg the second-order
Eulerian Godunov scheme. Using the Godunov scheme, vector
programming, and a Cray ! computer, it has been possible to
yse computational grids fine enough to reveal the
development of very complex inviscid flowfield structures
subsequent to the shock wave/layer interaction.

The results presented here tnc¢lude density and pressure
fields for constant strength shock waves (square waves)
interacting with layers of constant and variable sound
spead, as well as a decaying shock wave interacting with a
constant sound speed layer. For the variable sound speed
layer cases, the sound speed varied only in the direction
nortdl to the initia) shock direction {i.e., parallel to the
tnitial shock front). From these studies, we have found
that the scheme remains very stable despite the complicated
flowfields that develop, that the interface bdetwaen the
layer and the ambient air rolls up intce rotating vortices
that develop downstream of the shock, and that the overall
flowfield can contain both “random" ard “coherent®
structures at several length scales,

1. INTRODUCTION

The study of interface dynamics has been advanced considerably ip recent
years along sevefal lines of development in many different fields. The
symposium volume® summarizes some of the analytical, numerical, and
experimental approaches taken as of 1983, The present paper is a
computational study of the interface dynamics occurring when plamar sheck
waves (square wave and decaying) interact witi upstream high sound speed
layers bounded by a wall and ambient air. Cur numerical mathods predict the
development of very compiex flowfield structures subsequent to these
interactions. For example, when a planar shock wave moves parallel to the
fnterface in a stratified two-temperature fluid, the portion moving in the
higher temperature (higher sound speed) region will move faster, causing an
oblfque shock to develop in the region of the interface, This oblique shock
is necessary to tie together the portions of the shock as yet unaffected by
the ever-growing region of shock-interface fnteraction. A shear layer
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develops along the interface and in time becomes unstable, leading to a roll-
up of the interface, the formation of large vortices, and eventually to
smaller scale structures and very complex flow patterns.

From a numerical point of view, the approach is to solve the equations of
inviscid gas dynamics using the second-order Eulerian Godunov scheme. This is
an upwind scheme for systems of hyperbolic conservation laws, especially the
equations of gas dynamics. The scheme is specifically designed for problems
involving complicated, non-1inear wave interactions where high resolution
calculations are important in deteEmiﬂing small scale structures. The schenme
is being gpg]ied fer such problems®™*Y and assessments of its accuracy are
appearing”~7,

From a physical point of view, the interest is in the dynamics of the
tayer/ambient air interface after shock loading, the subsequent
stable/unstable behavior of this interface, and interactions of the shock and
interface withths disturbed flow. The second-order Eulerian Godunov scheme
has been shown“~"" to represent inviscid gas dynmamics accurately and aot
introduce numerical diffusion away from discontinuity surfaces. However, the
detailed viscous structures of the interfaces, the viscous-inviscid
interactions, and the dissipation scales and their overall effect on the
flowfield either are not modelled at all or myy be perturbed, perhaps
substantially, from their correct physical magnitudes.

2. APPRUACH

To date, numeroys computations have been made for an initially planar
shock wave moving through air with various temperature/sound speed
distributfons normal to the initial shock direction., These gradients have
been confined to relatively thin layers along or near the bottom wall of the
computational grid (see figure 1). Typically the thiceness (height) of the
high sound speed layer is less than 10% of the height of the grid. The layer
begins near the left boundary of the grid and extends to the right boundary.
The planar shock wave starts just inside the left bouadary and moves in time
toward the right.,

The initfal air conditions above the layer are nominally atmospheric;
specifically p = 1.01325 bars and T = 293,16°%. The air in the layer is at
the same pressure but different temperatures. It is through the temperature
that the sound speed in the layer is prescribed. For most of the
computations, the layer temperature is constant at 2124°K, but variations of
these paraweters have been included.

Parametric cases have been run to Study the effect of mesh size, shock
strength, layer temperature, and temperature distribution. Calculations have
dlso been made to simulate blast waves in shock tubes where the tep (roof)
reflects waves rather than permitting them to pass out of the computational
grid. Despite the high deyree of vector optimization incorporated tnto the
code, Cray 1 computer run times range from minutes for course grid, short
shock travel computations to hours for the finer grid, longer travel
computations needed to detect and follow the evolving flow structures. For
each run, an extensive set of plots was obtained, showing snapshots of the
flowfield properties at various times, as well as time histories at specified
locations. The snapshots of the flowfield are presented in terms of contour
plots witn 30 contours equally spaced from minimum to maximum, For some of
the more detailed (and interesting) calculations, movies have been made
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showing the time evolution of the flow structures in terms of density contour
patterns.

3. “TYPICAL® CONSTANT TEMPERATURE RESULTS

For relatively thin layers in contact with the bottom wall, the entire
layer begins to wrap up into a vortex. This is shown in terms of the density
field in figure 2a for a shock with pressure ratio of 3 moving across the
constant temperature (=2124°K) layer. The ambient air originally above the
layer is brought down and under the layer and rolls up with it into a vortex
whose size grows with time as it moves along with the shock structure. Figure
2b shows the pressure field at the same times. The pressure wave moving
through the layer (“precursor") appears to be a compression wave for this
case, but becomes a shock for greater shock strengths. A triple point is
formed where the main shock 15 intersected by the oblique shock to the
precursor and a second tursing shock which decays into a wave ending near a
stagnation point on the wall behind the vortex, The precursor, the triple
point, the downstream tip of the vortex, and the stagnation point all move at
constant velocity except near the very start of the calculation. This motion
would seem to support a view that the flowfield becomes self-similar.
However, later and more detailed calculations show that although the mations
of these points change very little so that the shock structure maintains a
self-similar appearance, the flowfield itself becomes decidedly non-similar
due to the growth of complex and "coherent” structures.

4. ACCURACY AND RESOLUTION TESTS

The resylts presented shove were computed for 3 layer six zones high.
Resolution runs were made to determirne the number of 20nes needed to define
the features of the flowfield. These tests indicated that five or six zones
were an adequate cozpromise between resolution and coxputing time. Figure 3
shows a blow-up of the dersity field in the vortex region for runs made with
two, six and ten 2one high layers. The number 0f zones in the grid were
scaled accordingly in order to keep tae zones (cells) squere. Figure 30 shows
the corresponding pressure field results, Based upon these results, most runs
were made using five or six zone thick layeers. Although this was quite
adequate for most of the parametric studies, it was found that zone size is a
stgnificant factor in resolving the small-scale structures which develop as
shear layer {nstabilities grow during very long ruyns, For constast
temperature layers, the precursor myst travel distances equal to hundreds of
layer thickresses before these instabilities have a significant effect.
However, temperature distefbutions in the layer can accelerate the process.
For such Yong runs, {1t is costly to keep tha cell size small and square.
[nstead nonsquare and moving grids must be used to obtain good resolutipa,

b, TENPERATURE DISTRIBUTION RESULTS

Calculations were made to evaluate the effects of layer temperature
distribution. Linear and double-linear temperature distributions {vertically
through the layer) were used together with the constant temperature layer.
These distribytiens are shown schematicaliy in figure 4, For each temperature
distribution, the maximum temperature ia the layer was taken to be 2128°%,

For the constant temperature layer, the temperature was 2124°K everywhere in

the layer. For the linear distribution, the temparature varied linearly from
2124°K in the bottom zane to the ambient temperature of 293°K in zone ¥, just
above the layer. For the double-linear distribution, the maximum temperature
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of 2124°K occurred in the middle of the layer and decreased linearly to 293°K
in zones 1 and 7.

The results for the linear distribution were similar to the constant
temperature case, resembling results for a thinner constant temperature case
with about the same maximum temperature. The double-linear distribution
produced very different results. As shown in figure 5a for a pressure ratio
across the shock of about three, the flow is unstable and breaks up into many
smaller scale structures. Unlike the constant temperature cases where the
eriginally cool ambient air comes down and under the hot layer and then rolls
up into a large vortex, the double-11near cases do not produce this single
large vortex structure. Instead of moving under the hot layer, the heavier
cool air begins to push itself through the lighter air from the layer. As it
moves, this tongue of heavier air is deflected first upward by the layer of
heavy air along the wall and then downward by the heavy air above the layer.
As this pattern repeats sections of the lighter layer air are cut off
alternatively along the top and bottom of the layer. These pockets of lighter
atr move more stowly than the main shock structure and so appear to be
breaking laoose. Figure 5b shows the corresponding pressure fields,

6. FLOATING LAYER RESULTS

To study this effect i» more detail, runs were made with a 2124°%
constant temperature lsyer locatad one layer height above the bottom wall,
This geometry is apparent in figure 6 where the density and pressure fields
are given for a five zone thick layer. The layer occupied zones 6-10, while
the air in 20nes 1-5 matched that above the layer. Mere again the shock
prassure ratio 1s 3. Initially the flowfield is symmetric about the
centerline of the high tesperature layer, but it begins to hecome asymmetric
when the lower triple pofat reaches the bottom wall., The reflections from the
wall disturb the motion of the cool afr :-~ngue moving insfde the layer air,
causing the tongue to move upward and begin the oscillating motion which
causes the formation of the light air structures. The formation of the
lighter afr structures is much more pronpunced for this case. The results
clearly show the structures detaciing from the mdin Shock pattern and drifting
slowly downstream, This is in marked contrast to the constant and linear
temperature distribution cases where the layer flutd is trapped within the
large vortex and swept along with the main pattern,

Significant changes Jcccur aiso in the sheck structure during the
shedding process. When one structure is finished forsing and ready to begin
falling behind, the rearmost turning shock which runs from this structure to
the triple point moves farward along the upper sucface of the strycture and
then jusps to the rear of the next one foraing, where it cemaing yotil this
one is finished forming, This oscillaticn in the motion of the lower portion
of the shock relative to the upper portion causes a second triple point to
form and with it 4 new oblique shock somewhat paraliel to but under the
original oblique precursor shock. This cza be seen both in the density fields
of and in the pressure fields. Because this new shock 1s moving fn even
higher tesperature air than the precursor, the now shock begins to overtake
the precurser. Near the end of this calculation, it appears that the
precursor is weakening and the new shock ts replacing ft.

Another run wis made specifically to capture in better detail the early
time development of the fligating layer case. !n this second iun, the layer
and the region near it were enlargsd by a facter of five, while the tota!
rugber of ¢rid points was iefi unchanged. Thus, for this run, there were 25
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structures can be seen to form at the interface and grow as they flow
downstream. Although better techniques are needed to follow the development
of these structures as they proceed to flow through the roll-up, the results
shown here shed some light on the flowfield development and show the ability
of the second-order Godunov scheme to resolve small-scale inviscid flow
structures.
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zones in the layer and 25 zones below it. Because the only length scale in
this problem is the layer thickness, this run is equivalent to a finer zone
calculation of the previous run at early times.

The results of this fine zone calculation show the flow pattern beginning
symmetrically with a negative vortex developing along the top edge of the
layer and a positive vortex along the bottom edge. After the lower triple
point reaches the bottom wall, the reflections begin to influence the lower
vortex. The development of the asymmetry is shown in figure 7, beginning
shortly after the lower shock structure reaches the bottom wall. The lower
vortex is forced up and forward (relatively), while the upper vortex moves
back and down and then is shed as the first element in a vortex street. As
this vortex is shed, the rearmost shock is deformed, creating another vortex
structure. Then the cycle begins again.

7. SHOCK TYBE RESULTS

Another intaresting case calculated corresponds to a planar blast wave
moving through a two-dimensional shock tube. The wave, whose strength decays
in time, muves cver a 2124°% constant temperature layer which is ten zones
thick and locatad along the bottom wall. The top of the yrid is now a
reflecting wall (roof) thirty layers high., The length of the grid is
equivalent to more than three hundred layer thicknesses which is over three
times greater than that of any of the other cases presented.

Whereas the flowfields in previous canstant temperature layer
calculations seemed quite stable, the results for this calculation showed that
at much longer times both the interface anG the flowfield besome unstable and
structures begin to form. As can be seen in the density fields shown in
figure 8a, these structures look cansiderably differen~t than those of the
floatino layer case, As before, the air from the constant senperature layer
rells up with the ambient atr stream and seems to rematn “trapped" in the
vizinity of the shotk stracture. However, evan pefore the triple point
reaches the roof and creatss a reflected wave pattern, the flowfield begins to
show s1gns of instability. The development of the instabilities, especlally
3long the interface, can also be seen In the corresponding pressure fields
shown 1n figure %b.

The structures that develop form a somewhat periodic pattern, much less
random in appearance than that of the floating layer case. This is better
seen in the enlargement of the density field given as figure 9a. The
instabilities grow along the interface as can be seen both here and in the
corresponding pressure field shown in figure 9b. However, the entropy field
plotted in fiqure 9¢ seems to show more clearly the main details of the
Tlowfieid especially in the shear layer which develops along the fnterface.

An attempt was made to determine the behavior of the interface after it
passed through the precursor. Many points originally lecated along the Tront
and top edges of the layer were tracked throughout the calculation. This was
not completely successful ever though ten peints per cell were used and their
positions were updated twice per time step. The early movement of each point
was captured but at later times the motion became erratic. Figure 103 shows
the rollup of the interface at early times before the flowfield becomes
unstable. This clearly demonstrates that the atr from the layer is being
trapped in this region and carried along with the shock structure. Figure 10b
shows the calculated behavior of the interface for the time corresponding to
the Jensicy, pressure and entropy fields given in figures 9. “Coherent®
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ON OBLIQUE SHOCK WAVES WITH A PHASE TRANSITION
IN RELATIVISTIC GASDYNAMICS

A. Granik

Mechanical Engineering Department
University of California, Berkeley, CA 94720

ABSTRACT

The theory of relativistic eblique shock waves with
a first order phase transition is studied. On the
basis of the general relations derived the shock
nolar equations are obtained for an ideal gas
corresponding to the bag model of the quark matter.
The resylts suggest that a quark matter phase transi-
tion will significantly increase the flow angles in
high energy heavy ion collisions.

I. INTRODUCTION

It has been suggested that a strong compression of nuclear matter might
result in formation of a quark gas!. The transition from the nuclear matter
to the quark matter is quite possibly a first order phase transitiond, There-
fore one faces a situation where a useful signature of the existence of the
quark matter can be defined within a framework of continuum mechanics. Because
the phase transition might occur at very high energies in the range
20-50 Ge V/nucleon, the appropriate description of the process of the quark
matter formation should be made using relativistic gasdynamics, The experi-
ments with the high energy fon collisions demonstrated that a strong oblique
shock wave 1s formed near the collision axis3. Therefore a plausible theo-
retical description of the expected phencmencn can be provided by a study of an
oblique relativistic shock wave accompanied by a first order phase transition,

This paper considers propagation of a strong relativistic obligue shock
wave. As a result of tts propagation into the undisturbed gas two different
gases are formed. Considering their respective shock polars, it is possible
to find out that a significant increase in the maximum angle of deflection
occurs for one of these gases, namely the quark gas.

I1. BASIC EQUATICHS

We study the problem in the fram of reference of the shock. Then the con-
servation laws across the oblique shock are

(pz*ez)vaz Boy * (e‘*p,)v,z By,  (energy) (M
pz * (92‘92)722 ana e P] + (D"’e‘ )Y‘_z B‘nz (n-amentum) (2)
(Bpregly” B By = (Byreyin” By, By (t-monentua) (3)

where e is the energy per narticle, p is the pressure, y & (l-ee)"‘/2 is the
Lorentz factor, 8 is the velocity normalized by the speed of light. As seen in

'Pehmanent address: Physics Department, University of the Pacific,
Stockton, CA 95211
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Fig. 1, indices 1 and 2 denote the unshocked and shocked gases respectively,
and subscripts n and t stand for the normal and tangential components of 8.
A1l the thermodynamic quantities are measured in the proper fram of the fluid
element.

We derive the shock polar equation using Eqs. (1)-(3). Multiplying
Eq. (1) by By, and substituting the result into Eq. (2) we obtain

2

N Ban
2

X =g (4)
Y7 o ¥l In

where we use the identity
y 2
1 . 2 2 2
=z = 1+ g, (1)
Y2

Note that the trivial root x = 1 is factored out. On the other hand, from
Eq. (1) immediately follows

2
eytp, Y
171 N
x® gt (5)
Substituting (4) into (%) we obtain
Ban , &1%P2
X e B = o (6)
In P

Now we can derive expressions for Uy Yy B|n2 and Ugnz . Y22 anz. Sub-
stituting Eqs. (5) and (6) into Eq. ?l) we obtain

2 (ea*Dl)(% D])

u - n
In {Q""P—yﬁ-‘ *p] ‘Q] 92)
and
2, &' Pahy
v " (8)
2n ez*pl ea*p‘-e¥ p,
To arrive at the shock polar equation one rust specialize to spacific
equations of state. We consider the following equations of state
Py = (r-)e, = 18 (shocked gas) (9)
) = (\"1)(9"’0]) (0)

where T', v, and B are constants, and o is the particle density. Eguation (9)
describes ghe so-called MIT bag model, and Eq. {10) is a mode! eguation for the
baryoh gas It i3 interesting to note that the structure of these two equa-
tions is 1gentical to the equations used in the theory of a non-rvelativistic
detonation
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To conc]udg the derivation of the shock polar we have to express x as a
funct}on of U1p© and constants T, v, and B. Using the expression for the sound

Speed
2 VPy
a B ——————————
1 v
MryTh
Eq. (6) and Eq. (9) we obtain from Eq. (7)
2 2
U 1+U
@l g s e o
* * *
where Q] =1+ B/p]. Its solution is
x = —bs (0 & VCEau(1su Z)(r-1) (12)
M n
1 ) U 2
APV 1n
C=c-(—= U,  + Q) M=
v 012 n 1 a,

In the following we specialize to the case of a very dense baryonic matter,
p = 0. For this case from Eq. (10) we obtain ey = ;. To find cut the
physical meanin? of two branches of Eq. (12) we consider a “phase space

- €1(€ = ¢/B). From Eqgs. (;) andz(s) follows that the physical regions are
dictated by the conditions Uln"’ UZn » 0. This ylelds two regions
0 & > 1/(r-1),
P= (01§ ¢ & < (2-1)6, + T (13)
and
I1) V<& <r/(r),
€ > (2reg, + T (14)

According to the causality condition constant I, is less than_2. The Jouget
curve is cbtained from the Jouget condition Uy = Uy (Us?_2 = (r-1)7(2-1)

e OO L 2T
€ = 3 (v+ 1 B(E-T) )
e (15)
.
b 7 )|

In Fig. (2) we present the possible regimes of flow. The shadowed areas
represent physically allowed processes according to £qs. {13) and (14). The
dashed-dotted line 15 the Jouget curve. GCne of the allowed regions described
by Eq. (14) correspond to a metastable regime with os < 0. However. accordina
to GCD in such a regime the dependence of py on € does not obeay the linear
relation (9)5. Therefore we are left with only one ph§sical Qegiun. namely
given by £q. (13). In this region the detonation, Upa© < Ups® can_take place
wwmebﬂthantwwmaMthﬁhwn%muz§>%3 can

take place above the Jouget curve.
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Because at the Jouget point glnz reaches its minimum, and because x is
monotonically decreasing with Ujp¢, we find that the plus sign in Eq. (15)
corresponds to the deflagration ?x > 1) and the minus sign corresponds to the
detonation (x < 1). In fact, the bag constant B for the quark k gas has such
value that & < r/(r-1). This means that a phase transition from the dense
nuclear matter to the quark gas is described by Eg. (12) with the minus sign.
Having this in mind we can write the shock polar equation

(r-r])(r-rz)

’ 1+R-1r (16)

Yo 2 = (Jor

where y = Bzy/81. r= BZx/Bl and R = E;E—? . The intercepts of the strophoid
U
{18) with the Bay * axis are r = | ]

and 7
- ] / . 2 RU] - I‘+]
!‘1'2 -'2-(!"4’51:_ 2-I-R) +4'—U"—2‘—-—
1

As we mentioned earlier for a physically interesting case €} < T/{I-1). This
leaves us with the only one point (apart from r = 1) of intercept, namely rp.
In the ultra-relativistic limit Uy » = the shock polar (14) degenerates into a
circle with a radius (I-1).

Simultaneously with the formation of the quark gas the baryon matter is
shock transformed into the baryon matter described by Eq. (10). The shock
polar for this shock transitign is easily abtained from the equation for x
found in Ref. 4 if we take ay© -~ 0 (equivalent to the assumption ey = py).

2 2
1+ )
3+ x2(1-2v) + x(vz-l)(-—l%) - (w)z-—lé!‘— 20 (17)
U
In n

The solution of Eq. (17) yields x = a(sinza) whare & is the angle of attack.
Ysing two gecmetric identities

(1-r) = sin% (1-x) |
and (18)

li(l-v')2 + yzlsinaa . (M‘)2

we can construct the shock polar for the transition baryons-bavyons. We per-
fortaed the numerical solution of £qs. (15), (16) for v = 2.33 and for a number
of velocities in front of the shock, Uy. A typical shock polar for quark
matter along with the corresponding shock polar for nuclear mecter is shown in
Fig. 3. The shadowed ares indicates the region where one can expect quark
matter.

111, CONCLUSIONS

A simple model of a shock transition within the framework of relativistic
qasdvnamics leads to a possible sianature of the existence of quark matter. In
view of ever-increasing energy capabilities of new supercollides it §s quite
conceivable that the predicted effect of a drastic increase in the deflection
angle of quark matter will be detected.
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FIGURE 1.

FIGURE 2.
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THE REFLECTION OF A MACH REFLECTION OYER A SECONDARY RAMP
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Negev, Beer Sheva, Israel

(2) Department of Physics, University of Vicioria, Victoria, BC, Canada

(3) Institute of High Speed Mechanics, Tohoku University, Sendai, Japan.

An analysis is presented of the various shock wave
configurations which will occur when a Mach reflection
propagating along a straight wedge encounters a sudden
increase or decrease in the slope of the wedge surface
which changes from ol to 3. It s shown analytically
that four different reflection processes may be expected
depending on the incident shock wave Mach number (M;) and
the two wedge angles (el and 83). The analytical predic-
tions have all been verified experimentally.

1. INTRODUCTION

Mach reflection is one of the two major types of reflection of a shock wave
over a solid surface!. In the case of an air burst explosion, for example, a
spherical blast wave is generated. Duriny the early stages of its interaction
with the ground surface the reflection of the blast wave ts regular
(figure la). As the blast wave propagates outwards the reflection changes to a
Nach reflection (figure 1b). Either reflection may encounter 3 sudden
compressive on expansive change in the slope of the refleciing surface. Yo
calculate the pressure distribution along suct a surface an understanding of
the interaction of a regular or 3 Mach reflaction with a secundary wedge is of
importance. TYhe analysis to be presented aims at establishing both the
refiection processes and final shock corfigurations of a Mach reflection
encoyntering a sudden incriase or decrease in the slope of the wedge surface.

2. MNALYSIS

A compressive and an expansive doudble wedge are illustrated in figure 2.
The siopes of the first and second wedges are e§ and 8, vespectively, and the
slope of the second wedge with respect to the first is

avy 7 o - o) (1

1f as, > 0 the doudle wedge is concave and if a0, < D the double wedge is
convex. The reflection over any double wedge deperds on three parameters: the
tncident shock wave Mach number, My, and the first and second wed?e ang!es. 6y,
and 33. respectiveiy. The phenonc%on will be descrided in the (GH. eg) plane,
but, since the phenomenon also depends on the incident shock wave Mach number,
N;, the (6@. 63) plane presentation 15 valid for a fixed value of N; only.

The (ol, 82) plane 1s shown in figure 2. Equation I in this plane is
described by straight lines with 45° slopes along which 86, is constant. In
the region above the line for which a8, = 0, a6, > 0 and the double wedge is
concave. Below this line ad, < 0 and the doudle wedge is convex. Since the
present paper s concerned ﬂ&t&rﬁhﬁhnwaﬂuhmq§ﬂmowra
secondary rasp only the region to the left of the ine al = g% will be
considered (B,°" s the "detachment" wedge angle for a given facident shock
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wave Mach number, M;, at which transition from regular to Mach reflection is
expected to occur).

If e& < eSet the incident shock wave reflects from the first wedge as a
Mach reflection2. This Mach reflection propagates up the wedge until its Mach
stem encounters the leading edge of the second wedge and reflects from it
either as a regular or as a Mach reflection depending upon the size of the
differential wedge angle, A6y, and the Mach number of the Mach stem, M.

Assuming that the Mach stem is straight and perpendicular to the first
wedge surtace we may write3:

M =M —— 2)

m i cos (o} + x) (
where x, s the first triple point trajectory angle. Equation (2) clearly
indicatesdt at M, > M;, but since the difference is not large and since for

MI > 2 oG8 is aTmosl independent of the incident shock wave Mach numbert, it

1

W

will be assumed that

det|; = det
oW Im, = O IMi (3)

For example for Mj = 2.5 and ol = 20° the Mach reflection solution results in
x, = 12.88°, thus My = 2.902, "The corresponding detachment wedge angles for M
and M, are 50.77° and 50.72°, respectively. Using the assumption of equation
3, it'may be concluded that the Mach stem of the firsa gach reflection reflects
from the second wedge as a Mach reflection if 29, < ewe . As the incident
shock wave continues to propagate it will eventually encounter the second
wedge. Thus thedxglue of 64 defines the final reflection of the incident shock
wave, If e§ <9 the inchent shock wave will {1na11y establish a Mach
reflection over %he second wedge and, if 62 > 69€t the Final reflection of the
incident shock wave over the second wedge ¥i11 Be regular,

Redrawing figure 2 with the addition of the lines o} = ole%, po, = 02t and
62 = By~ results in figure 3 in which four different regions representing four
deferent reflection processes of a Mach reflection over a secondary wedge are
obtained. In the following the reflection process in each of the four regions
will be briefly described and i1lustrated with photography which were recorded
on the 3" x 10" shock tube of the Department of Physics of the University of
Victoria.

Region 1

Since A, < 0 the double wedge is convex. Ths lncident shock wave reflects
over the first wedge as a Mach reflection (6l < 838%). Upon encountering the
second expansive wedge the wave angles, change bu¥ the Mach reflection is
maintained,

The ~eflection process in this regfon is shown in figure 4 for 8l = 35°
and oy = 15° (A9, = -20°). A shadowgraph of the Mach reflection ovel the first
surface is shown in figure 4a. The unsteady wave system generated when the
Mach stem encounters the sudden change in the slope of the surface 1s shown in
figure 4b. A rarefaction wave travelling backwards is seen in the schlieren
photograph. It carries with it tns informatfon about the sudden change in the
T°d$1 geom:try. The final single Mach reflection over the second wedge is seen

n figure 4c.
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Region 2

Since A9, > 0 the douhle wedge is concave, and since A9, > odet the Mach
stem over the first wedge reflects from the second wedge as a rggular
reflection. At a later time the triple point and ihe reflection point of the
Mach and the regular reflections interact at point Q on the second wedge to
finally form a regular reflection of the incident shock wave over the second

wedge.

The reflection process in this region is shown in figure 5 for eb = 20° and
02 = 75° (a0, = 55°?. A shadowgraph of the Mach reflection over the first
wedge is shown “n figure 5a, where the Mach stem is just about te collide with
the second wedge. The collision with the second wedge results in a regular
reflection (figure 5b). The triple point of the Mach reflection over the first
wedge and the reflection point of the regular reflection of the Mach stem along
the second wedge interact on the second surface to produce the wave configura-
tion shown in figure 5¢. The incident shock wave reflects regularly from the
second surface. The reflected shock wave of what used to be the Mach
reflection {(over the first wedge) aiso reflacts regularly from the second wedge
su;face. Thus the major regular :aflection is followed by a secondary regular
reflection.

Region 3
det

Again 9, > 0 and therefors the double wedge in concave. Since A, < 6,
the Mach stefl over the first wedge also reflects from the second wedge as 2
Mach reflection. At a later time the triple points of these twoe Mach
reflections interact to form a new Mach reflection. The triple point of this
Mach reflection moves away from the wedge surface and therefore the final Mach
reflection is maintained. The reflection process in this reglon {s shown in
figure 6 for 6} = 15° and @3 = 35° (a9, = 20°). The Mach refiection over the
first wedge 1s shown in figure 6a. The Mach stem of this reflection reflects
from the second wedge also as a Mach reflection (figure 6b). The two triple
point {nteract at a later time (figure 6¢) to result in a Mach reflection of
the incident shock wave over the second wedge. A second triple point {s formed
altong the reflected shock wave of this Mach reflection (figure 6d).

Region 4

The double wedge is concave (40, > 0). Again the Mach stem over the first
wedge reflects from the second wedge as a Mach reflection. At a later time the
triple points interact to gogm 3 new Mach reflection, However, unlike the
previous case, here ol > ewe . This means that tha new Mach reflection cannot
be maintained over thi secind wedge, The triple point of this reflection moves
towards the wodge surface, 1.e., the Mach reflection is an fnverse Mach
reflectiond. Unon colliding with the wedge turface, the inverse-Nach
reflection changas t0 a regular reflection of the incident shock wave over the
second wedge.

The reflection prucess in this region 1s shown in figure 7 for 0& = 28° and
63 = 60° (a0, = 35°). The Mach reflection over the first wedge fs shown fn
figure 7a. ThE Mach siem of this reflection reflects over the second wedge
also as 3 Mach reflection (figure 7b). Similar to the previous case, the two
triple noints interact at a later time to form 2 new Mach reflection. However,
unitke the reficction process in region 3 this Nach reflection {s an
{nverse-Mach reflection3, 1.e., 1ts triple point propagates towards the second
wedge surface. Upon colliding with the second surface the inverse-Mach
reflection terwminates and changes to a regular reflection. The rogular

b
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reflection of the incident shock wave over the second wedge is shown in figure
7c. The reflection point is followed by a short shock wave emanating from the
reflection reflected shock wave (where it forms a triple point) and terminates
perpendicuiar to the second wedge surface.

4. CONCLUSION

The reflection process of a Mach reflection over a compressive on an
axpansive corner has been analysed using the basic concepts of the reflection
of a planar shock wave over a single wedge.

The analysis suggests four different reflection processes which have all
been verified experimentally.
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Fig. 5. Reflection process in région 2. Fig.A 7.
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Reflection process in region 4.
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Fig. 6. Reflection process in region 3.




INTERACTION OF WEAK SHOCK WAVES REFLECTED
ON CONCAVE WALLS

M. Nishida, T. Nakagawa, T. Saito and M, Sommerfeld

Department of Aeronautical Engineering
Kyoto University, Kyoto 606, Japan

This paper describes computational and experimental
studies of the two-dimensional interactions of shock
waves reflected from a parabolically concave reflector.
The computations were carried out by solving the two-
dimensional Euler-type equations by means of the
piecewise-linear-method. In order to reveal the be-
havior of the interacting reflected-shock waves and the
fiowfield behind them, two kinds of computer graphics
were developed: 1. three-dimensional graphics of pres-
sure fields, which were plotted at several time-steps
after the reflection, and 2. computer shadowgraphs based
on the principle of the optical shadowgraphs, whereby
the shapes of the shock waves were computer-visualized,
The numerical results show that the gasdynamic focus
exists between the geometric focus and reflector. For
the purpose of verifying the numerical results, density
histories of the incident and reflected shock waves were
measured in a shock tube with air as the test gas. The
density measurements were based on laser interfercmetry
using Wollaston prisms and PIN-photodiodes., The com-
parisons between the numerical and experimental results
show that numerical density histories are very similar
to the experimental ones, but that the numerical densi-
ties are slightly higher than the experimental ones,

1. INTROOUCTION

The focusing of curved shock waves can be observed not only in laser
fusion but also in the turn and acceleration of supersonic airplanes, Re-
cently, this ?hanomenon also has been applied to medical treatment of kidney
1ithotripter,' For the purpose of understanding such a phenomenon, a basic
knowledge of shock focusing 1s necessary. Accordingly, the present study
describes the process whereby the interactions of weak shock waves, which are
reflected on concave walls, develop shock focusing.

For a recent, typical study concerning shock focusing, the work by
Sturtevant and Kulkarny? 1s referred to. They experimentslly investigated the
behavior of focusing, weak shock waves in detail, by using a shock tube. In
thetr work, shocks are brought to a focus by reflecting plane and incident
shock waves from concave walls, and the behavior of the focusing shocks were
discussed based on shadowgraph pictures, Another experimental study of the
shock focusing was performed by Holl and Groenig.® In their work, a single
weak spherical blast wave generated by spark discharge was reflected from a
concave ellipsoidal wall. They derived patterns of focusing shock waves
simtlar to that of Sturtevant and Kulkarny in spite of the fact that the
patterns of incident waves differed.

The present work is concerned with computational and experimental studies
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of the behavior of focusing shock waves once they have been reflected from
concave walls, It is the aim of this paper to reveal the flowfields of fo-
cusing shock waves. The model of the shock focusing used here is such that in
a duct with a rectangular cross section, a plane incident shock wave is re-
flected on the end wall of parabolic shape. Such reflection will form an
oblique reflection, and then the reflected shock waves generated by this ob-
lique reflection interact with each other. Consequently, the reflected shock
waves converge and are focused. The shape of the reflector determines whether
such an oblique reflection becomes a regular reflection or a Mach reflection.
Therefore, in order to reveal the relationship, the behavior of the converging
shock waves for two different shapes of the reflector was investigated.

2. NUMERICAL STUDIES

2.1 Numerical Calculations

Figurg 1 shows a rectangular duct in which a shock wave propagates. The
end of the duct is parabolic in shape which is given by x = cy®. The shapes of
the reflectors used in this study are such that ¢ = 0,575(reflector R1) and ¢ =
0.325(reflector R2). The distance in the x- and y-direction are non-dimen-
sionalized by a half of an inner width in the y-direction, D. Initially, an
incident shock wave is placed at x = 1,8, The initial conditions are such that
stationary conditions are given to the gas left to the shock wave, and that
conditions from shock relations are given to the gas right to the shock wave.
The incident shock wave propagates towards the left. On the parabolic re-
zlector. it is reflected, and then the reflected shock waves converge and are

ocused,

For the above model, a set of two-dimensional Euler-type flow equations
has been solved by applying the operator-splitting-method, which results in
three one-dimensional sweeps to obtain the solutions at the next time step., In
each sweep, the piecewise-linear-method (PLM)* was employed.

The calculations were performed in the upper half region of Fig. 1, i.e.,
Ozx351.8and0sys 1. The computational domain 1s dividad into 90 x 50
square grid with Ax = Ay = 0,02, where 4x and Ay are spatial increments, The
boundary conditions are (1) the reflection conditions on the reflector and side
wall, and on the axis, (2) the inflow or outflow conditions at the right
boundary.

2.2 Pressure Distributions

Figure 2 shows numerically calculated pressure distributions of the entire
flowfields where the converging reflected-shock wave has an incident shock
strength of N , = 1,13. In this sase, the reflector Rl was employed. In the
figure, the sﬁ&ck wave propagates wv right, and the time shown in each figyre
is relacive to the time when the incident plane shock wave reaches the edge of
the reflector, if,e., x = ¢c. In Fig. 2(a), the shock wave is completely re-
flected and propagates to right. As can be seen in the figure, the reflected
shock wave s bow-shaped and two pressure peaks appear at the shock front,
These two peaks travel towards the axis and meet each other in the center which
results in a very high pressure as shown in Fig. 2(b). This may be recognized
as shock focusing and referred to as gasdynamic focus. After the focusing,
secondary reflected-shock waves are generated on the axis behind the original
reflected-shock wave and then propayate towards the side walls, This is shown
in Fig, 2(c) where the original reflected-shock waves are crossing, In the
case of Fig. 2, the maximum on-axis pressure obtained at x » 0,38 reaches 2.8,
which can be compared with the pressure of V.31 for the normal reflection from
a plane wall, where the pressure has been normalized by the pressure ahead of
the incident shock wave. Similar crossed shock waves can be seen in the work
in Refs. 2 and 3.
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. 2.3 Computer Shadowgraphs

Computer shadowgraphs were developed in order to visualize converging
shock waves. This was done based on the principle of optical shadowgraphs,
namely the quantities S = A20/Ax? + p%p/Ay? were calculated from the numerical
data, and according to the magnitude of S, such figures as shown in Figs. 3 and
4 were drawn on the computer. Figure 3 is for the reflector R1 and Fig. 4 is
for the reflector R2. The conditions in Fig. 3 are the same as in Fig. 2.

Figure 3(a) shows the pattern of the reflected shock waves before the fo-
cusing. This situation is the same as in Fig. 2(a). It is apparent that the
shape of the shock wave is bow-shaped. The patterns of the shock wave at the
focusing and after that are shown in Figs, 3(b) and 3(c), respectively., If the
gasdynamic focus is defined as the position of a maximum on-axis pressure,
then, as shown in the figure, the gasdynamic focus (x = 0.38) is between the
geometric focus (x = 0.43) and the reflector. After the focusing, the shock
waves cross which is very remarkable.

Figure 4(a) illustrates the pattern of a converging shock wave. This
pattern also is bow-shaped but the how is less deep than that in Fig. 3(a).
Focusing is shown in Fig. 4(b) where the gasdynamic focus is at x = 0.62.
However, the geometric focus stands at x = 0.769. Thus, the gasdynamic focus
also falls between the geometric focus and reflector, Figure 4(c) is the shock
pattern atter the focusing, and the original reflected-shock waves are not
crossed.

3. EXPERIMENTAL STUDIES

3.1 Experimental Setup and Procedure

In order to verify the numerically calculated results, experiments of the
shock focusing were carried out by using a shock tube with air as the driver
and driven gases, The driver section is 3.8 c¢m in a diameter and 50 ¢m in
length, The driven section is 113,6 cm in length and its cross section is a
2.6 cm x 2.6 cm square. Twe kinds of measurements were made: density histories
and optical shadowgraphs, The density measurements were based on conventional
laser interferometry using Wollaston prisms and PIN-photodiodes.® The optical
setup of the laser interferometer is given in Fig. 5, in which the wave length
of the laser beam is 632.8 nm, the focal distance gf the lenses is 20 cm and
the splitting angle of the Wollaston prisms is 3.9, The arrangement of the
test and reference beams and the reflector is shown in Fig, 6. In all the
gxperiments, the reflector Rl was used. By changing the position of the re-
flector relative to the beam, the data of the density history at several axtial
positions were obtatined.

Analysis of the experimental data from the density measurements is easier
whan the test gas density is lower because the change in the optical path
difference between the reference and test beams stays within only one fringe.
Therefore, the initial pressure in the driven section was set at p, = 52,1
Tore, and the driver section pressure was set at p, = 100 Torr to lea]ize waak
shock waves. For such low driver and driven pressures, a very thin, stretched
rubber was used as a diaphragm. By pricking it with a needle, the stretched
rubber is instantsneously broken. Thus, weak shock waves can be easily ob-~
tained even 1n a low-density gas.

Incident shock strengths were determined by measuring time of flight
between two laser beams {distance 1.36 cm) of the laser interferometer. For
this measurement, the arrvangement of the beams was changed in such a way that
two beams pass through the viewing windows and cross the axis of the shock
tube.

3.2 Experimental Results and Conparisons with Numerical Results
Figure 7 shows the comparisons between the experimental and computational
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results of on-axis density histories at several axial locations. The strength
of the incident shock wave was 1.13. As aforementioned, the gasdynamic focus
is found at x = 0.38 so that Figs. 7(a) and 7(b) show the density histories at
the positions which are between the gasdynamic focus and reflector, and Figs.
7(c) and 7(d) correspond to the density histories ahead of the gasdynamic
focus. The arrival times of the incident shock wave for the the experiment and
calculation are fixed at the same time. The first step of the density history
results from the arrival of the incident shock wave, and the ensuing sharp peak
is caused by the converging reflected-shock wave. Several small peaks can be
observed behind the first sharp peak. These are due to the shock reflection
between the axis and side wall. The numerical data always are slightly below
the experimental density except for at the first peak, At the first peak, the
comparison between the numerical and experimental densities is not clear but,
in fact, the experimental density is lower than the numerical density. Never-
theless, as for the arrival times of the reflected shock waves, the ensuing
sharp peak and the second small peak, the numerical results agree with the
experimental ones. In addition, the density decreasing rates behind the first
peak are very similar in both results. The value of the density which would be
realized for the normal reflection from a plane surface is shown in each
figure. The density behind the first peak is near the value for the normal
reflaction,

Figure 8 shows the comparison between the experimental and computational
maximum on-axis densities, At each time step, a maximum density is found on
the axis, and then this density value is plotted which leads to Fig, 8. The
numerical result shows that the maximum on-axis density p/p, = 2.13 can be
found at x = 0,38, whereas the density for norma) reflectiod is 1.47. However,
in the experimental results the spatial extension of the shock focus is larger
and the maximum density is lower. Ahead of the geometric focus, the maximum
on-axis density decreases with increasing distance from the reflector. This
situation is very similar to the computational result.

In Fig, 9, computer shadowgraphs are compared with experimental shadow-
graphs., The time shown in each figure means the time from the arrival of the
incident shock wave at the edge of the reflector, The experimental shadow-
graphs similar to the shape of the numerical shock are selected. The patterns
of the reflected shock wave predicted by computations can be also observed in
the experimental shadowgraphs,

4. CONCLUDING REMARKS

According to the numerically calculated pressure distributions behind the
reflected shock wave, two small pressure peaks are generated at hoth sides of
the axis. These propagate towards the axis and then they are reflected by each
other. This reflection produces a very high pressure peak. This may be men-
tioned as the gasdynamic focus, For the initial shock strength N 1" 1.13, the
gas dynamic focus is, in general, different from tho geometric folus, This is
due to the nonlinearity of the shock waves. However, it is supposed that the
gasdynamic focus will approach the geometric focus as the shock strength be-
comes weaker,

The density measurements show that density histories are similar to those
simulated by computations. Concerning the maximum on-axis density, the experi-
mentally obtained values are lower than the cosiputed ones, However, for weaker
shock waves, this difference becomes smaller, which indicates that boundary
layer effects may be responsible for this difference. Comparing the patterns
of the reflected shock waves observed by the shadow raph technique, with the
computations by the PLM, good agreement was obtained.
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INTERACTION OF OBLIQUE SHOCK-WAVE REFLECTIONS
IN AIR AND CO, WITH DOWNSTREAM OBSTACLES
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The problem of planar oblique shock~wave reflection
followed by the collision of the resulting Mach reflecticn
patterns with a downstream obstacle is considered here. A
direct comparison is made between interferograms obtained at
the University of Toronto Institute for Aerospace Studies
(UTIAS) 10 can x 18 cm Hypervelocity Shock Tube and numerical
results obtained by using the second-order Godunov finite
difference scheme for solving the Euler egquations of
ynsteady comprassible flow.

The main purpose of this study is to assess the
accuracy of the computational approach in resolving small-
scale flowfield structures for those problems involving
complex wave interactions, It is found that agreement
batween the experimental and computational approaches is
extremely good in those flowfteld regions for which nonideal
and viscous effects may be neglected in the experiment. In
particular, many details of these experimental flowfields,
e.4., multiple wave interactions, unstable slip surfaces,
and gverexpansion shocks, are reproduced in the
computational results, Additionally, a quantitatiwe
estimate of the effects of the shock wave-boundary layer
interaction on the overall flowfield pattern is possible by
comparing the inviscid numerics wilh the viscous experiment,

1. INTRODUCTION

The prediction of the pressure Yoading on obstacies or targets in the
path of 3 progressing blast wave is of obvious practical interest. Uue to the
expanse of full-scale field tests and recent advances in supercomputer
architectures, the development of numerical calculation metheds for prabiems
of thais type seen feasidble and cost effective. A critical element in the
numerical code develgpment process is thte validation of the computer code
against results from controlled laboratory experiments, Especially useful are
experiments which provide whole flowfield data such as contour plots, since
this is gererally not possiblie in field tests.

R spherical blast wave roflecting from the ground, espectally in the
region near the leading Mach steam is aoa}ogous to a continruous sequence of
planar oblique shock wave reflections.”s’ TYherefore, an obstacle in the path
of such & Mach reflection flowfield in the laboratory would be a useful and
less expensive simulation of such an interaction in a blast wave field test.
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Our purpose here is to present the results of a direct comparison of
several cases of planar oblique shock-wave reflection followed by the
interaction with downstream obstacles, between interferograms obtained at the
University of Toronto InsEitute for Aerospace Studies (UTIAS) 10 cm x 18 cm
Hypervelocity Shock Tube * and nuaerical resu1t§ obtained by using the second~
order Eulerian Godunov finite difference scheme” for solving inviscid gas
dynamics. For the purpose of this paper, we take the point of view that the
experimental results have been correctly obtained and address the following
questions: (1) how well do the numerical computations reproduce the
experimental interferograms, especially with reference to small-scale
features?, (2) to what extent do localized viscous structures in the
experiment, e.c., shock wave-boundary layer interactions affect the
comparison?, and (3) do these local structures have more far-reaching
influence on the flow{ield dyramics? The question of nonequilibrium or other
nonideal effects in the interferograms will not be taken up here.

In related work, resu'ts using the second-order Godunov scheme hage8been
compared with interferogr. . of planar oblique shock-wave reflections.” - The
conc]gsions of this work were that the scheme is highly accurate for inviscid
flow,” that local vic ~us boundary layer structures could be quite strong, and
that these structures had a globa: influence on the quantitative resu]ts.1 g
This numerical m thod is being used on other shock-wave problems as well."”

2, EXPERIMENTAL TECHNIQUES AND NUMERICAL METHOD

ATl ?i the interferograms presented here are reproduced from work of Li
and Glass™*. A detailed discussion of the experimental facility and the data
reduction techniques may be found there and in references therein. We simply
remark here that the fringes in the interferograms represent lines of constant
density and the confluence of several fringes indicates a fiowfield
discontinuity {i.e., a shock wave or a stip surface).

The numerical results have been calculated with a versbogzof the Eulerian
second-order Godunov scheme for nonstationary gas dynamics. * The scheme
used here includes the modifications ne.essa ¢ to handle a general equilibrium
equation-of-state (E0S), The method is a finite-difference scheme in
conservation form which achieves its second-nrder accuracy by combining
monotonized intrazone profiles for the characteristic variables, a technique
simitar to the method of characterisitics, and Riemann problem solutions to
obtain %nﬁerzone fluxes with the final conservative differencing of these
fluxes.“™" An accuracy and efficiency comparison study involving igveral
schemes of this type has been carried out by Woodward and Colella.

The cases presented here involve the use of two test gases, air and
CUp. In view of the very large pressures and temperatures obtained in the
flowfieids, especially after reflection from the obstacle, an acturate
nonpolytropic £0S issnﬁgessary for both the interferogram data reduction and
for the computation.”” Since the experimental lgcident shock waves are run
into relatively high pressure ambient conditions,®® vibrational nonequilibrium
effects may Lo assumed to Le cogfined to the shock wave and the postshock
flowtiald to be in equilibrium.” 1t is possible, however, that subsequent
shock-wave reflections may cause nonideal flowfield effects; such effects are
precluded in the calculation by the assumption of an equilibrium £0S,

A1 computations werc performed on a CRAY 1 at Los Alamos National
caboratory.
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3, PROBLEM CONFIGURATION, INIGTALIZATION, AND BOUNDARY CONDITIONS.

The four types of psendo-stationary oblique shock-wave reflection are (a)
recular reflection (RR), (b) single Mach reflection (SMR), (c) complex Mach
reflection (CMR), and (d) double Mach reflection (DMR). We have illustrated
tiie mach reflections, considerad in this report in Figure 1 which defines the
wedge angle 6 , triple point trajectcry angles y,x', various shock waves I, R,
R', M, M, sévg surfaces S, S', and the flow regions 1-5 produced by these
reflections.””

If real gas and viscous effects can be ignored {as they are in the
numerical calculations), the solution prior to collision with the obstacle is
a function of the self-similar or pseudo-stationary variables (g,n) = [(x-

X /(t 1), {y=yo)/(t=t;)]. Here (x,,y,) are the coordinates of ihe wedge
corner (see Figure 2a) and t, is tne time at which the incident shock reaches
the corner. As a consequence of self-similarity, the wedge angle 8 , the
shock-wave Mach number Mg of the incident shock, and the EOS alone Yetermine
the soluticn for all times t > t,, since these solutions are identical except
for a scale factor,

Figures 2b,c tllustrate the two possibilities at the time of collision
with the downstream obstacle. If tan x < h/1, then the triple point is
beneath the top of the obstacle at this time, Figure 2b, and
if tan x > h/1, 1t is above the obstacle. Both cases are of practical
interest. After the collision, an uncteady reflecied bow shock-wave
progresses outwards from the obstacle corner and ultimately interacts with the
waves R,R's The pattern is indicated schematically in Figure 2d, The
fiowfield in the region bouTged by the refincted bow shock and the obstacle is
no longer pseudostationary.

The numerical computation proceeds in two stages. First, the pseudo-
stationary Mach reflection pattern is computed as if the obstacle did not
exist. Our technigugs for initial and boundary conditions are the same as in
our previous work. > At this point, the computation is restarted on a
substantially refined computational grid which is confined Lo the region
around the obstacle, represented by the dashed 1ine yn Figure 2a. The initial
conditions for *his computation are obtained by interpolation from the results
of the first stage. The boundsry conditions are outflow at the right-hand
edge, reflection on the bottom” (with no special treatment at the corner), and
Dirichlet at the top and left-hand edges, exploiting the flowfield self-
stmilarity at these boundaries {in particular, they are chosen a priort so
that t™» bow shock wave remains interfor to the grid at the end of the
calculation. To implement the Dirichlet boundary conditions, the solution of
tha first stage is saved in memory and is viewed in the (f.n) coordinate
system. At later limes, in the second stage calculation, Yinear interpolation
on the (g,n) mesh is used to obtain boundary values. This procedure is exact
up to errors in the first stage calculation and interpolation errors. We
oxpect that the cumulative effects of this procedure on the computational
error inside the bow shock wave to be quite small since the final time is not
large and the initial flowfield of the second stage always cortains the entire
Nach stewm region.
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4. RESULTS

Table 1 1ists the defining characteristics for 4 cases along with the
size of the computational mesh. Each of SMR, CMR, and DMR are considered.

The results for Cases 1-4 are presented in Figures 3-6, respectively.
For each case, interferograms werfltaken at several times, both before and
after collision with the obstacle™*. At each such time, the computational
results were also sampled in the form of density contour plots, using the same
isopycnic levels as obtained in the interferogram. A representative sample of
these isopycnic comparisons is shown in the figures. For Case 4, an
additional density contour plot using 30 equally spaced contours is also
shown. This is necessary because the comparison using the experimental
isopycnics is often inadequate in the region upstream of the obstacle and
beneath its corner, e.g., for Case 4, the isopycnics in this region could not
be determined in the experiment. The additional plot allows us to verify
qualitative agreement, even if the results are in some error quantitatively or
there is no quantitative comparison possible.

We are going to leave the case-by-case comparison to the reader, and
instead make a few overall points. It should be noted that several of the
interferograms exhibit strong bow shock wave-boundary layer interactions along
the wedge surface; these wave patterns cannot be reproduced in the inviscid
calculations. Around the expansion corner, the quantitative agreement between
isopycnic levels in the expansion fan is quite good; in particular, the main
characteristics of the recompression shock downstream of this corner are in
good agreement. It may be observed that the portion of the contact surface
beneath the expansion corner often exhibits unstable oscillations in both
experiment and calculations. Close examination of the detailed shape of the
reflected bow shock wave also reveals very good agreement, Finally, we take
special note of Case 4, which is the only DMR case presented. The multiple
wave interactions present in both experiment and calculations below the
expansion corner are in remarkably good agreement, except near the wedge
surface where the interferogram exhibits a marked lambda shock wave.

5. CONCLUSIONS

The main result of this work is that the numerical method has been
further validated for the inviscid regions of flowfields of this type.
However, there are substantial viscous effects after collision on the wedge
surface boundary layer and in interactions of this boundary layer with the
reflected bow shock wave. These effects do not seem to have more than a local
influence on the flowfield structure, as evidenced by the results for Case 4.

It 1s possible that there are nonideal effects in the flowfield behind
the bow shock wave, especially below the expansion corner. Our quantitative
agreement is weakest in this portion of the results. Additionally, our
~merical treatment of the singular corner could be improved and is a possible
scurce of error. These areas will be the sources of future work on this
prablem. Finally, it would be of great interest to consider a DMR case for
which .ne triple point trajectory lies above the corner of the obstacle.
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TABLE 1
CASE | TWPE | ms | @, | oas | b Po Py Ny | Wy N | NYp
{em) (cm) kpa (@/end)
1 SMR | 233 | 20 AIR 134 27 | o685 | 782% 105 44 | 228 | am 305
2 SMR | 237 | AR 134 135 | 685 | 787x10°5 | asa | 228 | am 305
3 CMR | 37 | 20 AIR 134 27 | 20 | 23 %1075 | 520 w | @ 305
4 OMR | 513 | 20 0, 134 54 | 133 |237x1w0°8| 620 | 200 | anm 305

(a) SINGLE MACK REFLECTION (W COMPLEX MACH REFLECTION {¢) DOUBLE MACH REFLECTION
(smR) {CHAR) {DMR)
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AN INTERFEROMETRIC AND NUMERICAL STUDY OF PSEUDO- STATIONARY
0BLIQUE-SHOCK-WAVE REFLECTIONS IN SULFUR HEXAFLUQORIDE (S7c)*

T. C. J. Hu and I. I. Glass

Institute for Aerospace Studies, University of Toronto
Toronto, Canada

Pseudostationary oblique-shock-wave reflections in SF
were investigated experimentally and numerically., Experi-
ments were conducted ‘in the UTIAS 10 x 18 cm Hypervelocity
Shock Tube in the range of incident shock wave Mach number
1,25 < Mg < 8.0 and wedge angle 4° < 8, < 47° with initial
pressure 4 < P, < 267 torr (0.53 to 35.60 kPa) at tempera-
tures T, near goo K. Regular reflection (RR), single-Mach
(SMR), complex-Mach (CMR) and double-Mach reflections
(DMR), were observed, These were studied using infinite-
fringe interferograms from a 23-cm dia field-of.view
Mach-Zehnder interferometer. The analytical transition-
boundary maps were established up to Mg = 10.0 for frozen
and vibrational equilitrium SFe, An examination of the
relaxation length indicated that a vibrational-equilibrium
analysis was required. Comparisons of experiment with
analysis for transition-boundary maps, reflection angle &
and the first triple-point-trajectory angle y verify that
the reflections were in vibrational equilibrium, The
behaviour of the angle between the two triple-point
trajectories (x' - x) is discussed and the unique pattern
of DMR with x' = 0 was verified experimentally,

1. INTRODUCTION

Oblique-shock-wave reflections have been studied by many researchers for
over a century,! A series of experimental, analytical and numerical
investigations of this phenomenon began over a decade ago at the University of
Toronto Institute for Aerospace Studies (UTIAS). To substantiate the claims
made by the foregoing researchers?-9 that real.gas effects do play an
important role in nonstationary shock-wave systems, an investigation of a
polyatomic gas such as SF,, with many internal degrees of freedom, becomes an
ideal candidate. Sulphur hexafluoride has 15 modes of vibrational degrees of
freedom, a low specific heat ratto of 1.093 at 30°C. It is also non-toxic and
has a high index of refraction, which is useful for optical studies,
Therefore, it was the test gas used in this study.

2. EXPERIMENTAL PROCEDURES

Experiments were performed in the 10 cm x 18 cm UTIAS Hypervelocity Shock
Tube in sulphur hexafluoride at initial pressures ranging from 4 to 267 torr
and an initial temperature near 300 K in ail cases, The incident shock wave
Hach number range was 1.25 < Mg < 8, over a series of sharp steel wedges

* This work was supported by the Canadian Natural Sciences and Engineering
Research Council, the U.S. Air Force under grant AF-AFOSR 82-0096, and the
U.S. Dofense Nuclear Agency under ONA Contract 001-83-C.0266.
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with 6y ranging from 4° to 47°. Dual-wavelength laser-interferograms as
well as shadowgrams were used to record the reflection process and were
obtained with a 23-cm dia field-of-view Mach-Zehnder interferometer. The
shock shapes and geometries, density field (isopycnics), and the density
distribution along the wedge surface and through the bow shock wave in
detached cases were determined from the corresponding interferograms. The
experimental data were then compared with the numerical analyses.

The four basic types of pseudo-stationary oblique-shock-wave reflection
observed in the experiment are illustrated schematically in Fig. 1. The
definitions of wedge angle 6, triple-point-trajectory angles x, x', various
shock waves I, R, R', M, M', slipstream S, S', and the flow regions {1) to (5)
produced by the ref]ections are also shown in the diagrams. An infinite-
fringe interferogram of each of the four basic types of reflection and the
evaluation of the density field are presented in Fig. 2.

3. VERIFICATION OF REAL-GAS EFFECTS AND TRANSITION BOUNDARIES

Several postulates were made regarding the transition criteria as noted
below,
RR <~ MR 8, + 6
SMR «» CMR MR Lo
CMR «> DMR My =1

It becomes necessary to compare them with the experimental results and to
Justify their validity. The transition boundary lines in the (M (*) and the
(Mg, 8,)-planes for the case of frozen and vibrational-equilibriun SF . were
constructed according to the criteria proposed by von Neumann, 10 Ben- or and
Glass,3 and Shirouzu and Glass.” To verify the contribution of real-gas
effects and the validity of the transition criteria, experiments were done
along the transition lines as well as inside the transition regions.

Some physical phenomena of shock-wave reflection were compared. The
polyatomic SFc-molecule has 3 translational, 3 rotational and 1§ vibrational
degrees of freedom. The computations employ the equations of state for frozen
SF¢ (y=4/3) and vibrational-equilibrium SFo. In the frozen-gas model, only
translationa] and rotational degrees of freedom are excitad to the new
equilibrium state and the other degrees are frozen at their inftial state. In
the equilibrium~gas model, all translational, rotational and vibrational modes
are excited to the new equilibrium state immediately behind the shock wave,
The vibrational relaxation lengths behind a normal shock wave versus Mach
number are plotted in Fig. 3 for the diatomic gases N, and 0,, triatomic gas
CO and polyatomic gas SF These curves are for the initiaf conditions of

-15 torr and T,=300K, ?hey were obtained on the basis of the theoretical
and empirical analyses given by Breshears and Birdi! for N,, Lutz and Kkieferi2
for 0,, Camaci3 for (0, and Breshears and Blairi% for SFS. The vibrational
characteristic temperafures Ty and the degeneracy number n, of these four
gases are also listed in Fig., 3. In the problem of shock-wave reflection, a
characteristic length of 1 mm was chosen by Shirouzu and Glass.’ If the
vibrational relaxation length ts longer than the characteristic length, the
flow can be treated as frozen, otherwise it can be assumed to be in
vibrational equilibrium. The average Ty for SF¢ is lower than for the other
four gases and it reaches vibrational equilibriun much faster than the others.
Raisin? the pressure at a given temperature enhances particle collisfons and
vibrational equilibrium {is reached more quickly. From Fig. 3, it {s expected
that vibrational relaxation in SF, at Mg < 1.7 with an initial pressure of
15 torr and a temperature of 300 f will take place in more than 1 mm,

However, at such a low Mach number, a relatively higher {nitial pressure is
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required for the experiment, Increasing the pressure will shift the
vibrational relaxation length curve down, therefore no vibrational relaxation
length will be observed. Since the vibrational relaxation length is less than
1 mm over the entire range of shock Mach number studied in this work, it can
be safely assumed that SF¢ is in vibrational equilibrium.

3.1 TRANSITION BOUNDARIES

The experimental results are classified into the four possible types of
reflection and are plotted in the transition maps for comparison. The reasons
are twofold : first, to determine whether the experimental results agree with
the frozen-gas or the equilibrium-gas analysis; second, to verify the validity
of the transition criteria. The agreement between the frozen.gas analysis and
experimental results is poor, However, there is definite agreement with the
equilibrium SF¢ mcdel as shown in Fig. 4.

The comparison of the RR <+ MR boundary should be done in the (Ms, 8,)~
plane since there exists a multi-valued portion near this boundary in the
(Mg, e&)-plane.’ It is noted in Fig. 4(a) that several RR points lie in the
domain corresponding to MR at Ni < 2.11 and 6, = 45°, On the other hand,
three of the DMR points 1ie in the domain of KR, at = 3,45 (3 runs) for
6, = 42°, and Mg = 6.48 (1 run) and 7,96 (2 runs) for 6, = 37°. Note that the
RR « MR boundary is predicted by the detachment criterfon and 1s the Vimit
for the two-shock theoryl? to have solutions. Therefore, any RR which exists
beyond this boundary 1imited by the two-shock theory is a persistence of RR or
it is known as the “von Neumann paradox". Furthermore, the mechanical
equilibrium criterion!d is the limit for the three-shock theory to have
solutions, Thus any MR lying above the RR +> MR boundary into RR domain, on
the contrary, is not a persistence of MR because it has not exceeded the Vimit
of the three-shock theory for a MR to exist. It can be seen that the
termination of the RR line, according to the detachment criterion, is in
general very good for engineering applications. However, improvement is still
necessary, This has been accomplished recently by Hornung and Taylor!6 and
Wheeler and Glass,!7 who ascribe the cause to the boundary layer induced on
the wedge wall by the shock-wave system.

In the (M., 8')-plane, the results for 8, do not require the measurement

of x. Transition Boundaries in the MR reglon are more accurate in the (M,

')-plane than in the (M., aw)-plane. In Fig. 4(b), there are two SMR po?nts
lying in the CMR according to the former criterion M,7 = 1. But according
to the new SMR «+ CMR criterfon, there s only one cﬁn data point lying below
the transition line, at = 3,47 and g, » 19,5°, Therefore, the new
criterion for SMR « CMR transition agrees best with experiment, There are
several OMR points lying beyond the CMR +» DMR transition line into the CMR
regton, and there {is one CMR point just lying above the transition line in the
DMR domatn, at M, = 5.5 and 6, = 17.8°. Generally, except for low Nach
numbers and high“wedge angles, the (MR «» DNR transition criterion {s
reasonable, though not precise. Experimental results in air by Deschambault®
showed that the CMR <+ DMR transition linre should meet the intersection point
of the RR « MR and SMR «+ CMR transition lines, The dash-dot 1ine in Figs,
4(a) and (b) indicates how the CMR < DMR transition should meet at the point
P on the RR « MR transition line., Note the good agreement of the
experimental results with this line.

3.2 CCNPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS OF PNYSICAL QUANTITIES

Analytical results that are based on a frozen-gas model are distinct from
an equilibrium-gas model, By comparing the experimental results with the
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frozen or equilibrium-gas model for a given flow property, the validity of
each model can be justified.

Figure 6 shows the experimental results for & plotted in the (M, &)-
plane for fixed values of . The number beside each experimental pdint
indicates the measured value of 6'. The analytical results for a vibrational-
equilibrium gas and for a frozen Has at several fixed &' are drawn as solid
and dashed lines, respectively. They are used only as a guide to illustrate
the behaviour of &6 in relation to Mg. The discrepancy of the experimental
value from the equilibrium-gas analysis is shown as straight Yines extending
out of a data point. It can be seen that the maximum discrepancy found is
less than 2,5°, Thus, the agreement between the experimental results and the
equiiibrium-gas calculations is excellent., However, the frozen-gas lines are
all shifted lower to the right from the vibrational-equilibrium case. Thus,
for a given Mach number and 6!, & will have a smaller value with a frozen-gas
analysis than with a vibrational- equilibrium analysis. For example, at M, =
5.0 and 6. = 40°, 6 = 150° with an equilibrium.gas analysis, whereas 6 =
126.7° using a frozen-gas analysis. The agreement between experiments and
frozen-gas analysis is poor,

3.3 FIRST TRIPLE-POINT-TRAJECTORY ANGLE x

Law and Glass!® proposed an empirical method for predicting the value of
x based on experimental observations that the Mach stem, in many cases, is
straight and normal to the wedge surface, and introduced an additional
independent geometrical relation ¢5 = 90° - y, where 4, is the incident flow
angle to the Mach stem. The plot of y as a function of M., with the actual
wedge angle as a parameter for equilibrium and frozen §F5 is shown in Fig,
6. The experimental points are also plotted in the figure. The agreement
between the analytical results and experiments is good in general, with
discrepancies of the same order of magnitude as the error in measurement
(#1°). The experimental points for 6, = 10°, 20° and 30° have the same
trend as the higher 6, results in that they level off and become independent
of the Mach number Mg. The frozen-gas analytical lines are all shifted up
from the equilibrium values and y becomes nearly independent of M, at high
Mach numbers, even for Tow 6,. In all cases, the frozen-gas analysis gives a
much Yarger value than obtailled experimentally. Therefore, there is poor
agreement between the frozen-gas analysis and experiment.

The other angle that is worth discussing is the difference between y' and
x» since it indicates the position of the second triple point relative to the
first triple point. A (M5, (x' - x)]-plot of the experimental results is
shown in Fig. 7 for five wedge angles 6, = 42°, 37° , 20°, 10° and 4°, A
dashed 1ine is used to approximate the profile of (x' - x) for each fixed
wedge angle, As SMR just terminates (e.g. at = 4§2° and = 1,55}, (x' -
x) = 0, and o' is positive indicating that the two triple poiits merge as one
at the first triple point, when CMR and DMR begin to form, the value of (y' -
x) increases with Mach number Mg. 1t then reaches a maximum and decreases
in value. 1In the positive region of ix‘ - x), w' 15 positive as shown in
Fig. B8(a). As Mg increases further, (x' - x) crosses zero and becomes
negative. In the case of (x' - xz = (0, o' is zero as shown in Fig. 8{b),
meaning that the second triple point lies at a finite distance away from the
first triple point and both have the same trajectory direction. It {s seen 1in
Fig. 7 that the higher the ued?e angle, the sooner (x' - x) goes negative,
When (x' - x) goes negative, w' {s also negative as shown in Fig, 8{c). At
higher wedge angie and Mach mumber, x' = 0, (x' - x) = -x and o' {5 negative
as show in Fig, 8(d). Lee and Glass® studied this last case analytically for
a perfect gas with y = 1,093 and reported that ' = 0 may only be
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hypothetical. However they confirmed in their later paper® that this case
does actually occur, based on the present experimental findings. This means
that the second triple point T' attaches to the wedge surface and the
reflected shock wave R strikes the wedge surface and is reflected like an RR.
A shadowgram of a DMR with ' = 0 taken at M, = 7.96 and §, = 37° is shown in
Fig. 9. Note the small triangular region bounded by the Mach stem, the
reflected shock wave and the wedge surface, The second reflected shock wave
is Tying low on the wedge surface and terminates at the corner as an attached
straight bow shock wave showing that the state behind the second reflected
shock wave is supersonic. A DMR with x' = 0 has two confluence points [one
real (T} and one degenerate (T') triple point], two reflected shock waves, but
only one Mach stem, one slipstream and the region behind the second reflected
shock wave is supersonic instead of subsonic.

5.  CONCLUSIONS

An experimental and numerical investigation was made of pseudostaticnary
oblique-shock-wave reflections in SF., The domains and transition boundaries
between the various types of reflectfon were established in the (M., 8,) and
(Ms. 6,)-planes for both frozen and vibrationa:-equilibrium SF., ?he
transition boundaries predicted on the basis of an equilibrium flow agreed
well with the experimental results. The new criterion? & > 90° was verified
in the present work that it is an additional necessary condition for the
transition from SMR to CMR., However, RR persists beyond the boundary line
determined by the detachment criterion, as expected, owing to the boundary
layer growth induced on the wedge surface by the moving shock-wave
system, 16,17

Comparisons of the fundamental angle & in Mach reflection using 6 as the
parameter, and the comparisons of the first triple-point trajectory angie X
using 8y as the parameter, justified the validity of the equilibrium SF
analysis. The behaviour of the angle between the first and second-tripfe-
point-trajectory angles (y' - x) was discussed and a DMR with y' = 0 was
obtatned experimentally as predicted by Lee and Glass.® (See Ref. 19 for
complementary details,)
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Fig. 1 Schematic diagrams of four
basic types of pseudo-stationary
oblique-shock-wave reflection patterns.

Fig. 3 Vidbrational relaxation length &y
behind normal shock wave for various gases
at Py = 15 torr and Ty = 300K, The charac~
teristic vibrattonal temperature Ty and

degeneracy number ny for the various gases ' St
are given in the table above. "l;g{ Eﬂ; B

Fig. 2 Infintte-fringe tnterferograms of four possidle pseudo-stationary
oblique-shock-wave reflections taken in SF,,
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Fig. 4 Comparison of predicted domains of various types of reflection with
experimental results for vibrational equilibrium SF.: (a) in the (N %)-plane;
(b) in the (Mg, 6:)-plane. SMR «» CMR transition: s6lid line is 6 = 90

dashed line 1s Hﬂ = 1, Types of reflection: O RR, O SMR, A CMR, @ DMR.
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Fig. § Comparison of analytical and expertmuntal values of & in the (Mg, &)
-plane. Analytical lines calculated at Py = 15 torr and Tg « 300K: wemem
vibrational equilibrium SF,, «cceno frozen SF.. Neasured 3 is indicated beside
each datum point and discrepancy from vibrational equilibriun SF. 15 shown as

a vertical iine. Symbols for experiments at various 6,: + 45°, x 42°, O &0°,
® 3°, & W°, & 20°, O 10°, ® 4,

Fig. 6 Variation of y versus Ng at fixed @,
for SF,.. Analytical tines calculated at

P = 15 tore and Ty » 300K: = vibrational
equilibrim SF,, --<-eo frozen $F,, Symbols
for cxperimnts at various 9., k 45, x
42°, .l 40°*, 0 37*, a 3B°, a 20°, tm'.
Q 4%,
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XX Tt T T Fig. 7 Plot of the measured values of (x'-x)
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Fig. 9 Shadowgram showing a dovble-Mach reflection with &' ¢ 0 and x'
Mg = 7.96, 6 = 37%, Pp = N torr, To = 266.6K in St,.



TRANSITION FROM MACH TC REGULAR REFLECTION
OF A SHOCK WAVE OVER A CONCAVE CORNER
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The problem considered in the present study is that of
transition from Mach to regular reflection of a shock wave
A over a concave corner. For analytical purposes, it is
assumed that a circular cylindrical concave surface can be
represented by a sequence of infinitesimal wedges. The cal-
culaved results show that the critical transition angle of
incidence of a shock wave increases with an increasing
; initial angle of the concave surface and decreases with an
i e increasing strength of the incident shock wave. These
. valves are smaller than those predicted by the two shock
B theory. To verify the validity of the present calculation,
an experimental investigation was performed using a concave
: corner model which was composed of two straight walls, and
+ ’ it was confirmed that the experimental results agreed well
with those of the present calculation.

1. INTRODUCTION

The transiticn between regular and Mach reflections of an oblique shock
wave has been extensively investigated theoreticaily and experimentally by
many researchers.'*!'? Unfortunately, however, the problem seems to be not
fully understood yet, espacially in the case of a truly nonstetionary refloc-
tion. For example, the critical transition angles of incidence we of a shock

: wave which strikes flat, convex and concave surfaces obtained in the previous
3 ¢ experiments '¥* are shown in Fig.l in terms of the reciprocal strength £ (the
; N reciprocal o. the pressure ratio across the shock) and the Mach number ¥s5of
3. incident shock waves. The critical angles of wall 9¢(=90%w¢) are also shown
in the vertical axis. Curves 1l and 2 represent the values predicted by the
X T two and three shock theories, respectively. The experimental transition

- angles for convex and concave surfacas are situated above and below the curve

1, respectively, and they seem to be independent of the radii of curvature of

g the convex and concave surfaces ry'** ', However, they scem to bo located

i Coand on the plane rather scatteringly, and the dependerce of the trarsition angle
™ on the initial angle of the convex or concave surface ¢, is not yet made clear.

3 Lt The problem considered in the pregent study is chat of trangition from

Mach to regular reflection of a shock wave over a concave cerner. Tha
critical transition angle of incidence of a shock wave which {uturacts with a

- circular cylindrical concave surface was numerically c¢bhtained as a function of
. t the strength of the incident shock wave and the inftial angle of the surface.
£ In order to examine the validity of the present zalculation, an experimental
SR investigation was ulso performed using a concave corner model which was
Z T e composed of two stralght walls.

2. NUMERICAL ANALYSIS

: Consider the process of interaction of a plane shuock wave of Mach number
E Ms propagating from left to right with a concave circular cylindrical surface
T 0B with a radius of curvature r, and an initial angle 8, shown in Fig.2. If
Mach reflection tales place at the point U, the initiai angle of incidence of
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the shock w, and the initial angle of the triple point trajectory X, at the
point O can be predicted by the three shock theory for given Ms and 6,. In
order to determine the triple point trajectory shown bty the dashed line and
the critical transition point D, assume that the concave surface can be re-
presented by a sequence of n pieces of straight line segments shown in Fig.3
and thac the effects of the downstream pressure gradient can be neglected.
If « shock wave strikes this concave corner model and Mach reflection occurs
at the first wall OW,, then the Mach shock T)M, is reflected at the second
wall ¥&,, and Mach or regular reflection occurs, depending on the value of
the increment of the wall angle A6=(n/2-8,)/n. If Mach reflection occurs,
the two triple points T, and 7' created by the first and the second Mach
reflecticns approach to each other with time and come into collision at the
point ;. In this way, the triple point trajectory is bent, and the inter-
section of the trajectory with the sv1id surface gives the critical transi-
tion point D.

Fig.4 shows the flows before and after the collision of the two triple
points Ti.,and T' at the wall WiWi4:. Let the flow properties and the angle
of incidence wi., near the triple point Tje, in the state{l) be all known by
the calculations up vo the preceding wall Wi.,¥i. The properties arcund the
triple point T' created at the point Wi, the angle of incidence wi’ and the
Mach number(M¢)i{ ¢ n be calculated In terms of the Mach number (Ma)j.: of the
shock Ti.,T' and the change of the angle of wall 46, Then, the coodinate of
the point of collision (i is determined from the geometrical relation. At
the moment of the collision, as shewn in the state(2), twu reflected shocks
TiRj~, and TiR' and two slip lines TiSi-, and TiS' intersect the incident
shock ITi{ and the Mach shock TiMi at the point Ti, and these two reflected
shocks and two sllp lines coalesce into one reflected shock TiRi and one slip
line TiSi, respectively, shown in the state(3), after the collision. The
angle of incidence w; after the collision can be calculated by the following
equation obtained f{rom the geometrical rslation, if the Mach number of the
Hach shock after the collision (M,)i is determined.

cos0i - Ms/{Meli
&inoi ] (1)

" -
Wi oW - 8§ - tun'[
LY

The value of (Ms)i may be estimated as follows. Since the pressures and
flow directions of both sides of the slip line after the collision mugst be the
zame by the thwee shock theory, an unsteady =zave of finite amplitude whach
adjusts the flow near the triple point will be generated, as shown in the
state (2) in Fig.4. Conzidering this unsteady effect as a kind of Riemann's
problem, the Nach nuamber of this adjusting wave Ny will be given by the
following equation;

2%
Fr o 2xMyi- {x-1) ¥ -1 ay 1.7 €~1
Pb carer e L We = )] (2)

where py and @y are the preasure and gound velocity behind the Nach shock
T'Ny. and py and ap are the pressure and sound velocity behind the Mach shosk
calculated by tho three shock theory for the given Ny and 8. « {5 the ratio
of specific heats. The vrosgure hehingd the Mach shock aftar pagsiig-ef the
ungteady wave pp {8 calculated in teias of N3 by the following equation.

P 2eMat- (x - 1) {3)
Po ¥+ 1

If pj is determined by 5¢.(3), the Nach number (Me); of the Mach shock
TiNi aftoer the the collision of triple points is predicted by normal shock
relations. Then the angle of incidence wj is caleulated by Eq.(1), and the
triple point trajectory is determined. In the pregent calculation, the pro-
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pagation time of the unsteady adjusting wave is neglected and it is assumed
that the Mach shock is strengthened instantaneously at the moment of colli-
sion of triple points.

3. EXPERIMENTS

In order to examine the validi:y of the present method of calculation,
an experimental study was performed using a rectangular shock tube with a
concave corner model shown in Fig.5 in its test section. The model is
composed of two straight walls, and the first wall angle 6, is fixed at 20
degrees, and the second one is more inclined than the firat one, so that the
two walls form a concave corner. The inclined angle of the second wall 8,
can be varied over the range of 20°to 60% The process of shock reflections
cver this model was observed optically by shadowgraph method. Carbon dioxide
and air were used as a test gas.

An example of the experimentally obtained trajectories of the triple
points Ty and T' created by the first and the second Mach reflections at the
first and the second walls, respectively, and of the triple point T which is
formed by the collision of the two triple points Ty and T' is shown in Fig.5
by triangles, squares, and circles, respectively, and the angles Xs, X', and
X; represent the angles of these triple point trajectories. Carbon dioxide is
used in the experiment in Fig.5. In the case (a), the angle X; is positive,
so that the transition from Mach to regular reflection does not occur, because
the triple point T; does not impinge on the wall, whereas X: in the case (b)
is negative and the triple point T, impinges on the second wall at the point D
where the transition takes place.

Typical shadowgrapha in the cases (a) and (b) described above are shown
in Figs.6(a) and (b), respectively. Three photographs in Fig.(a) show three
reflected shock systems which are drawn in Fig.5(a), and it is observed in
Fig.6(a-3) that the slip line from the triple point T; interacts with the
slip lines from the triple points Ty, and T'. Figs.6(b-2) and (b-3) show the
reflected shock systems just before and after the transition from Mach to
ragular reflection, respectively.

4. RESULTS AND DISCUSSIONS

The trajectory angle X, of the triple point I\ in Fig.5 was determined
by optical observations for various values of §; in the case of 8,=20" and M
=3.0, The results are shown in Fig.7, where the curve 1 represents the cal-
culated results by the prasent method described previocusly. By the way, the
angle ¥, can be predicted by the three shock theory for given Mg and ;. In
this case, X, is independent of &, and it is equivalent to assume that the
pressure p; behind tha Mach shock after the collision of the two triple points
is equal to the pressure Py in Eq.(2), that is, the pressure behind the Mach
shock predicted by the three shock theory. The curve 2 in Fig.7 shows the
results in this case. On the other hand, if we assume that the pressure p, it
equal to the pressure p, in Eq.(2), that is, the pressure behind the Mach
shock which is created at the second wall, by neglecting the effect of the
unsteady adjusting wave described previously, another value of X, can be cal-
culated for given My, 8, and 0,. The curve 3 in Fig.7 shows the results in
this case. The experimental results agree with the curve 1 better than the
curves 2 and 3, which seems to show that the present method of caleulation may
be reasonable.

An example (Mg=5.0, 042205 4923% Air) of the triple point trajectory
over a concave circular cylindrical surface calculated by the prasent method
is shown in Fig.8, where the horizontal and vertical axes are nondimensional-
ized by the radius of ¢curvature r,, and the solid and dashed lines represent
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the numerical results calculated by the same method as that employed in the
curves 1 and 2 in Fig.7, respectively. The solid line agrees with the dashed
line in the initial stage of reflection, whereas the transition point is much
different. The open circle on each line denotes the point where x=0, that
is, the point of stationary Mach reflection, and the left and right sides of
this point correspond to the regions of direct Mach reflection and inverted
Mach reflection, respectively.

Finally, the dependence of the critical transition angle of incidence ¢
on the initial angle 9§, and on the incident shock Mach number M is summarized
in Fig.9. This is the results for diatomic gases (x=1.4). The four solid
lines represent the results calculated by making choise of the minimum value
of A6 at which the present method of calculation can be performed up to the
transition point(46=5.8", 4.2% 3.0% and 3.0" for Ms=2.5, 3.0, 4.0, and 5.0, res-
pectively). The angle w, does not depend on the radius of curvature of the
reflecting concave surface for a fixed angle 6, in the present method. The
dashed line shows the results calculated by assuming 46=3"and that the
pressure pj behind the Mach shock after the collision of the two triple
points in Fig.4 is equal to the pressure p; in Eq.{(2), that is, the pressure
behind the Mach shock predicted by the three shock theory for given Ms and ¢
at each stage. This method of calculation is the same as that used in the
curve 2 in Fig.7 and used in the dashed line in Fig.8, and this is shown for
reference. The previous experimental values®”® in air and nitrogen in the
case of concave surfaces are also plotted in Fig.9, tcgether with the experi-
mental points of the present concave corner model shown in Fig.5, and the
figure attached to each experimental point designates the Mach number Ms of
the incident shock wave. The theoretical transition angle predicted by the
two or three shock theory is independent of 8, and depends only on Ms, and for
Ms=25, for example, wx=39.4"+39,5 by the two shock theory, and wc=35,4"+24.4"
by the three shock theory.

The calculated results in Fig.9 show that the transition angle increases
with an increasing 6, and decreases with an increasing Ms, and they are amal-
ler than the critical angles predicted by the two shock theory in the present
range of calculation. The experimental results in Fig.9 show the similar
dependency of the transition angle wg on the initial angle 6, and on the Mach
number Ms, but they are rather different quantitatively according to different
authors. This may be due to the accuracy of the experiment and the reflecting
concave surfaces of different geometries (radius of curvature, roughness,
etc.) in their experiments.

5. CONCLUSIONS

The critical transition angle of incidence of a shock wave which inter-
racts with a circular cylindrical concave surface has been numerically obtain-
ed by assuming that the concave surface can be represented by a sequence of
infinitesimal wedges. In the present method, the transition angle does not
depend on the radius of curvature of the reflecting surface for a fixed
initial angle 6, of the concave surface, and depends only on the angle 8; and
the Mach number Ms of the incident shock wave.

The calculated results show that the transition angle increases with an
inereasing 8, and decreases with an increasing Ms, and the values obtained are
smaller than those predicted by the detachment criterion according to the two
shock theory. The previous exporimental results show the similar dependency
of the trangition angle on the angle &, and the Much number Ms, but they are
rather different quantitatively according to different authors.

In order to examine the validity of the present method, an experimental
investigation has been performed using a concave corner model which is com-
posed of tw. straight walls shown in Fig.5, and i1t has been confirmed that
the present method of calculation may be reasonable.
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Fig.1 Theoretical and experimental transition angle of incidence between
regular and Mach reflections (k=1.4)
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Fig.6 Shadowgraphs showing shock reflection
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MEASUREMENTS OF N ATOM CONCENTRATIONS IN

DISSOCIATION OF N2 BY SHOCK WAVES

P. Roth, K. Thielen

Fachgebiet Verbrennung und Gasdynamik
Universitdt Duisburg, 4100 Duisburg, West Germany

The dissociation of N; has beer. measured behind
reflected shock waves in the temperature range
3390 K€ T<%€ 6435 K. By use of the atomic resonance
absorption spectroscopy (ARAS) the formation of

N atoms could directly be observed in the post
shock reaction zone. The experiments have been
performed in mixtures of N and Ar at pressures
between 0.9 and 2.1 bar. The rate coefficient of
the reaction

N + Ar —e N + N + Ar s

=1.71°10 T " 1132 oMt 208
kNa,Ar = 1. o T exp (=~ 00 K/T) i
could directly be determined from the measured

N atom concentrations.

1. INTRODUCTION

The N; molecule is known to be wvery stable up to very high
temperatures. Nevertheless the dissociation of N; can be of con-
siderable interest in plasma reaction kinetics or in hypersonic
wind tunnels. Because of the very high activation energy of N;
dissociation, experimental data are only available at temperatures
higher than 6000 K.

Essentially there are four experimental results of the N
dissociation which were evaluated by Baulch et al.'. These investi-
gations were performed in shock tubes using different detection
techniques. Cary? and Byron' observed the reaction in N,/Ar mixtu-
res recording density profiles by interferometry. Hanson and
Boganoff' measured pressure profiles in the reaction zone of pure
M:. A spectroscopic method was used by Appleton et al.’ in mixtu-
res of N; and Ar. They monitored the rate of N2 dissociation more
directly by the vacuum u.v,. absorption of N; at 117.6 nm. Their
axpression of the rate coefficlent was recommended by Baulch
et al.! for use in the 6000-15000 K temperature range. The proposed
rate coefficients of Byron’, Cary® and Hanson and Boganoff were
found to be higher than the recommended value of Baulch et al.!

It is the aim of the present study to determine the rate co-
efficient of the N, dissociation in N./Ar mixtures by measuring
N atoms as reaction products, mainly in the temperature region
below the 6000 K limit.
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2. EXPERIMENTAL

The experiments were conducted behind reflected shock waves in
4 stainless steel shock tube of 79 mm inner diameter. The tube is
congtructed as an ultra high vacuum apparatus and can be heated
and evacuated down to pressures of about 10~® mbar. Typical leak-
plus-outgassing rates were 8.107" mbar/min. A detailed description
of the equipment is given elsewhere® . The test gases used in the
experiments were supplied by Messer Griesheim, West Germany. They
were certificated to be of the purities N,2 99.9995% and Ar 2
99.9999%,

The atomic resonance absorption spectroscopy (ARAS) is the
measurement technigue applied in this investigation at the NI
triplet at 119.% nm. It is a very sensitive line emission-line
absorption method for measurinq N atom concentrations in the range
of 5.10''to 3.10''atoms per cm®. The spectral shape of the emitter
line is not known in detail., It is supposed to be influenced by
self reversal. Hence, calibration measurements were necessary to
obtain the required relation between the measured resonance ab-
sorption and the corresponding N atom concentrations. The optical
arrangement, the operating conditions of the resonance lamp, and
the calibration procedure were described previously’.

3. RESULTS

The dissociation of N; was studied in the temperature range
3390 K£T% 6435 X at pressures between 0.9 and 2.1 bar. In 34 shock
tube experiments carried out, the relative initial concentrations
of N, were between 87 ppm and 100%. In each experiment the measured
incident shock speed served to calculate temperature and pressure
behind the reflected shock. From the reacting gas mixture N atom
resonance abgorption signals were monitored. A representative ab-
sorption profile is shown in Flg.1. Using the calibration curve
given in Ref.?7, each absorption signal can easily be transformed
to a N atom concentration profile. One example is shown in Fig.2.
In all cases the N atom increase is nearly linear during the total
experimental time. Only in some experiments, mainly at temperatures
below 4000 K, an induction period of about 40 to 100us after shock
arrival was observed. This must be referred to vibrational relaxa-
tion or reaction incubation processes. Acceptable agreement with
predicted values based on measurements of Millikan and White®
and Appleton® was found.

A first reduction of the measured N atom concentration data
were done by dividing the slope of the N atom increase d[N]/dt
by the product 2&%] M). As the maximum measurable value is about
3.10'? N atoms per cm®, the N atom concentrations in the experi-
ments were very low with respect to the initial concentrations of
Nz. Therefore the N: concentration can always assumed to be nearly
constant over the experimental period of time. Concegquently
(M} = {axr] + [NJ] ie the quasi total concentration of the reacting
mixture. In Table I the experimental conditions and the reduced
data of all experiments are summarized.
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4. DISCUSSION

The first step in data interpretation is made by considering
a reaction with unspecified collisioa partner

kNg M

N + M——» N + N + M (1)

and evaluating the quantity

= dINIZdt
kNsz ZINJEM} (2)

as a function of the resipirocal temperature. ilquation (2) repre-
sents the rate coefficient of the N, dissocilation if Ar and N, are
assumed to have the same collision efficiency. Results are given
in Table I. If the values of k,, were plotted in an Arrhenius
diagram, a slight non Arrhenius behaviour could be found. For
experiments with relative concentrai.ions of N.# 5%, the data
points scatter around a straight line, whereas for N> 5%, i.e.
at the low temperature end of the Arrhenius pleot, the experimental
points appear to be systematically deviated from the straight line.
This behaviour can be explained by the more effective collision
partner N;,

A more detailed kinetic interpretation of the dissociation
experiments was done by considering the reactions

sz 'Ar

Nz + Ar ———= N + N + Ar (3)
kNZ 0N2
N2 + Nz ———a N + N + Na. (4)

The rate coefficient of reaction (3) can therefore be described as

- a[N] /dt
W T 2 dad o B *

where n is the dissociation efficiency of N2 relative to Ar,

RN::Nz
= e ——————
sz,M

Normally, the efficlency n can assumed to be independent of tem=
perature, With the assumption of n = 2.5, the rate coefiicient
k.. » was determined as given in the last column of Table I,

It has been common practice to express disgoclation rates
in the form

n . (6)

k = AT + exp(~D/T) (7)

with D as the disscociation tmeperature. A least square fit of the
k"A' data, presented in Table I, leads to the expression
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-3.33

3 4w em?
sz,Ar =1,71-10 T exp(-113200 K/T) - + 20% (8)

3390 K€ T=6435 K

The given uncextainty is thepercentage standard deviatioun,
Theabsolute value of the temperature exponent seems to be too high
from the theoretical point of view, It results from the approxi-
mation method used to fit the data points,

A comparison between equation (8) and the rate coefficients
obtained by several other investigators?’®’°® is shown in Fig, 3,
It is obvious that an extrapolation of our expression up to morve
elevated temperatures crosses the rate coefficient proposed by
Appleton et al,?’,

For the temperature range of this experimental study, the
presented value of k {eq.d) is in good agreement with esti=~
mates obtained from ;Eoe s weak~collision unimolecular reaction
rate theory!®, The dissociation rate coefficient for the low
pressure region can be expressed as

sc -

szlAr = kN.‘:,AI‘ c! (9)

where kﬂuk denotes the strong collision rate coefficient and 8.
the weak collision ifactor, The strong ccllision rate coefficient®
depends on saveral molecular quantities and can be calculategd
according to Ref. 10. The weak collision factor includes all un-
certainties of theory and experiments and will in general he
fitted to the experiamcntally determired reaction coefflyien* In
the present case the strong collision rate caefficient k& oA

was computed based on the equations givan by Troel?, The meak
collisjon factor 8 _ can be determined using eguation (9), Results
are given in Table II. The values of B8, show the expected tompe=
rature behaviour and the absolute quantity seemg to be in agree-
ment with the unimolecular reaction theory of Troe!®

5. CONCLUSION

Regsonance ahsorption measurements of N atums was shown to be
a sensitive method to study N, dissociation kinetics in the tem-
perature range 3390 K# 746435 K behind reflected shock waves, ¢t
seems to be the first time in N, dissociation that the reaction
product could directly be observed, The rate coefficient for
dissociation with Ar as collision partner was determined with
acceptable uncertainties when the collision efficlency of tlw afu-
cles N, relative to Ar is assumed to be n = 2,5, Comparison of .he
experimental data with theoretical data obtained using the weak
collision unimolecular rate theory of Troe'® leads to reasonable
weak collision factors B,
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Table 1: Experimental Condaitions and Rate Coefficients.
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Table II: Measured and Calculated Rate Coefficients
fos the Unimolecular Luw Presgure Dissociation

of N,
3 .3
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, 00| g ]| 6 ()]
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OXIDATION OF CYANOGEN. IV. THE MECHANISM OF
THE OXIDATION IN THE PRESENCE OF HYDROGEN

Assa Lifshitz and Menashe Bidani

Department of Physical Chemisiry
The Hebrew Unsversity, Jerusalem 91904, Israel

A detailed investigation of the mechanism of cyanogen oxidation
in the prevence of hydrogen is presented. Recent induction time
messurements of shock initiated ignition in mixtures containing
cyanogen, oxygen and hydrogen, highly diluted in argon are
computer modeled to verify the validity of a suggested reaction
scheme. A 43-step mechanism is suggested. The reaction scheme
is composed of 1. the cyanogen—oxygen—argon scheme (the “dry"
system); 2. the hydrogen—oxygen—argon scheme, and 3. a set of
elementary reactions that couple 1 and 2. The suggested scheme
reproduces very well the experimental parameters E and y~s in

the relation: T = Aexp(E/RT)IIC]" in the presence of hydrogen
(the "wet" system). It also reproduces the parameters of the *dry"
system when [H,, is set equal to zero. The sensitivity analysis
shows that the induction times in both systems azre sensitive to
the same elementary reactions. In adgition, some sensitivity is
obeerved towards steps in the H,—O, aad the coupling schemes.

Part of the strong effect of the hydrogen on the induction times is
the result of the heat released during its early burning.

INTRODUCTION

In the 13th Inteimational Symposium on Shock Tubes and Waves!, we presented
data, deacribing the ignition of cyanogen in mixtures containing cyanogen, hydrogen
and oxygen, hightly diluted in argon. Mixtures of different compositions were
subjected to reflected shock heating and induction times preceding the ignition of
these mixtures were obtained from cecilloscope trsct:. A wide range of pressures,
temperatures and mixture compositions were covered, running some 150 tests. This
was done in order to examine the effect of each component and of the temperature
on the induction times, sod o compare the vesults to those obtained in the *dry"
system. A least squares analysis of sl} the tests yislded the following relatioa!:

T=2.37X10~ Haxp(22.0x 105/ RTH{C,N,J 0470, ] ~05(H,] -0 [ Ar] +1:42 pec,
whereas the data of the "dry® system gave the relation®:

T 1,07X10~ Hexp{34. TX10 TR THC, N, 4940, ) 03 Arj +0-2 gec.
where concentrations are expressed i mois/cm?®,

A computer modeling of the “dry" system was performed in the past and »
qualitative agrecment betwoen the cxperiment and the calculation wes achiovedd. Av
explansaon wvud "o offored fov the vory strong dependence of the induction times on
the syseoger cusrotradion wad the very weak dependence ou the oxygen

Tas parsnoiric velation and the duraticn of the induction times chtajned in the
pretecs. of Ryd~om {the Twel® system) diffws from the ones cbiained in the

.
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absence of hydrogen (the "dry" system) by the following features:

1. Much shorter induction times at the same temperatures.

2. A much wesker temperature dependence (22 compared to 356 kcal/mole).

3. A stronger dependence on the oxygen concentration and a wesker dependence
on the cyanogen concentration as compared to the results without hydrogen.

4. A very strong dependence on the argon concentration.

b. A very strong dependence on the hydrogen concentration.

It is the purpose of this investigation to obtain a reaction scheme that will
reproduce the ignition paramerters of the C,N,—O,—H,—Ar system and will, by
setting the initial hydrogen concentration equal to zero reproduce the parameters of
the "dry" system. Once such a reaction scheme is constructed, a detailed sensitivity
analysis can be performed in order to elucidate the elementary reactions that compose
that scheme, utilizing the observed empirical relation.

DISCUSSION

1, General Commenis on the Mode of Calcwlation

There are a number of "experimental conditions" under which a set of coupled
differential equations representing an overall combustion reaction in a shock tube, can
be numerically integrated. It can be integrated under constant density, constant
pressure, or more precisely, coupled to the shock equations. The latter is very
cumbersome and requires conviderable and sometimee unaccessible computer time and
memory. The second best is the use of constant demsily conditions, especially when
the pressure rise upon ignition is measured at the end plate of the driven section.
Here, the shock equations are solved without the chemisiry to establish the initial
conditions, and the kinetic scheme is then numerically integrated starting at these
conditions. Since during the induction time {emperature changes are not very big, the
specific assumption of constant density or constant pressure affects the values of the
concentrations only very slightly. However, the temperature increase during the
induction time, small as it may be, is very important. It will be evaluated differently,
whether constant density (AT,=AH/C,) or constant pressure (AT,=4H/C,) are

assumed.

It bas been found by numerous calculations! that whereas the actual value of T
might be somewhat affected by the method of clculation (shorter T for constant v),
its effect on E and 7,'s, which are always evaluated by ratios of 7's is very small

The calculations that will be referred to in this article were carried out under
constant density.

The ignition in these calculations is detected by the sudden rise of the pressure
(or temperature) from its semi plateau. Its precise valus is defined at the point
where the derivative dT/dt passes through a maximum. An example of a calcuiated
temperature and its time derivative in the C,N,-H,—O,~Ar aud C,N,~O,-Ar

systemis are shown in Fig. 1.

2. The Reaction Scheme ~ Resslls of the Calcwlations

The final reaction scheme suggested for the C,N,~H,~O,~Ar system is shown

in Teble I. It Is composed of 43 elementary reactions and is essentially divided into
thres ssctions. The first 10 reactios deecribe the oxidation of cyancgen in the absence
of bydrogen, reactions 17-27 compoee the hydrogen oxidstion scheme and reactions
28-43 contain the reaciions that couple these iwo systems. In saddition to the rate
parameters, the Table contains the results of a sensitivity analyais performed on one
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of the mixtures. ! gives the percent change in the incuction times for a factor of 3
increase in the rate coastant.

The reaction scheme was tested on mixture compositions, pressures and
temperatures as shwon iu Table II. These will be referred to as "calculated shocks®.
They represent typical test: performed in the laboratory.

The final results obtsined using this scheme are shown in Table IIl. It contains
three parts; the ignition parameters for the "wet" system, the "dry® system and an
imaginary system represented by the C,N,~O, and H,~O, subechemes.

In Fig. 2, a comparison is made between the calculated and the experimental
induction times for the systems with and without hydrogen. The calculated induction
times for 'he imaginary reaction scheme containing the first 27 reactions are also
shown in this ¥igure. The implication of these results will be discussed later.

8. The Ozidation Mechanism

The kinetic scheme of the oxidation of cyanogen in the absence of hydrogen was
described in detail ir an earlier publication® and will not be discussed here The main
features of the system were the very £ >ong dependence of the induction time or the
cyanogen concentration and the very weak dependence on the oxygen concentration.
The suggested reaction scheme was able to qualitatively explein this behavior on the
basis of the rete constant distribution in the thermal loop expressed by reactions 3
and 4. The same explanation was later offered for other systems with similar thermal
loops, to account for the experimentally observed features®S,

When small quantities of hydrogen ([C,N,j/(H,) ~ 7—14 ) are added to the

reaction mixture, not only that the oxidation procesds faster, but the entire picture
changes!. The power dependencies and the temperature dspendence of the induction
iimes are entirely different. It is expected that wue reaction acheme will be able to

explain these changes.

In order to sccount for the effect of the hydrogsn on the oxidation, two
subachemes were added to the cyanogen oxygen scheme: the O,~H, set of reactions

and s scheme that couples the two systems. The question that arises is what is the
relative importance of each subacheme and to what extent the addition of these two
subschemee changes the relative importance of the elementary reactions in the “dry"
cyanogen system.

In order to answer these questions and to loarn the general characteristics of the
Ywet" gystem, the following thres sets of computer experiments were performed.

1 The “dry" system -- subscheme 1 which is composad of reactions 1-16.

2. The “wet" system — the entire 43 sets of elementary reactions.

8. Subschemes 1 and 2 which together contain the first 27 elementary
reactions.

The two subschemes in calculation 3, are the independent cyanogen—oxygen and
hydrogen—oxygen systems. Combining these two subechemes together to one reaction
scheme is actually the coupling of the two systems with oxygen atoms oaly.

The induction times obisined in these three calculations are shown graphically
in Fig. 2, a» the weolid circles. For the sets of cakulations | and 2 the lines
representing the best fit through the experimental dats are shown on the figures as
solid lines. The agreement is very good. It can be seen that the addition of 0.6% H,

indeed shortens the induction times, in both the experiment and the calculation.
Approximately, the same fnduction time is found in the "wet" gystem and in the

"dry" system at 1400 and 1800 K respectively.
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Hydrogen is much more reactive than cyanogen and is known to ignite (after
the same induction time) at a much lower temperature. Figure 3 shows a calculated
profile of the hydrogen concentration and the temperature during the induction time.
It can be seen that after a very small fraction of the induction time the hydrogen is
almost completely consumed from its initial value of 2x10~7 mol/cc. (It is being
regenerated after the ignition owing to the thermochemistry.) The question that arises
is to what extent the effect of the hydrogen is merely a temperature effect caused by
its early burning and to what extent the richer chemistry associated with the burning
of hydrogen is the main reason for the enhancement of the oxidation.

These questions can be clarified by examining the results obtained in calculation
No. 8 (Fig. 2). As has already been indicated, this calcvlation consists of subschemes
1 and 2 (reactions 1-27). Here most of the chemistry that couples the hydrogen to
the cyanogen is missag, and the O atoms together with the heat generated by the
fast burning o1 the hydrogen are the onily factors that play a role. By axamining
Fig. 2 it is clear that these factors are not enough to account for the observations in
the "wet" system. Moreover, as can be seen in Table III, the ignition parameters are
very different from the omes obtained in the "wet" system. The induction times
become dependent on the hydrogen and the argon concentration and the main feature
of the "dry" system, namely the very strong dependence on the cyanogen
concentration and the very weak dependence on the oxygen concentration still remain.
This is not the case in the "wet® system. The coupling reactions are very important.

The conclusion that one can draw from the calculations under these specific
constraints (omission of the reections 20-43) are those that the thermal eff:ct and
the coupling of the aystems by O atoms alone, cannot account for the results
obtained in the "wet" system.

To the oxidation of cyanogen (subscheme 1), which was previously described® a
very important reaction has beea sdded:
NCO+Q, » CO+NO+0O A1

In the scheme previously suggested, only qualitative (although very significant)
agreement between the experimental and calcualted ignition parameters was obtained.
Whereas this agreement was considered satisfactory in the “dry" system without
reaction 11, we could nmot repdoduce the ignition parameters in the “"wet® system
unless this reaction was introduced into subscheme 1. It is someowhat surprising that
a reaction that does not contain any bydrogeneous species will play such an
important role in determining the ignition parameters of the oxidation in the presence
of bydrogen, more than in its abeence. In both systems this reaction has a strong
enhancing influence on the oxidation.

We have asiigned a rate constsnt:
k,,=1.6x10"exp(- 10000/RT)cc mole-'sec!,

considering the 17 kcal/mole endothermicity of the reaction. The addition of this
reaction to the acheme simply implies that the free radicals produced by reaction 3,
namely CN aud NCO both attack oxygen and participate in the propagation stepes.

The behavior of the cyanogen system ls determined to & large extent by the
rate constant distribution in the thermal loop determined by reactios 3 and 4. This is
true for both the “dry® and the “"wet" systems. The strong effect of cyanogen and
the very small effect of oxygen on the induction times in the "dry" system are due
to the fact that ko>k,. In our previous study of the "dry" system we used in our

computer modeling the rate parameters suggested by Thrush and Boden?. At 1700 K
where most of the calculations were carried out the ratio k,/k, was approximately 25.

This ratio was high enough to provide a qualitative agreement betwesn the
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experimental and the calculated power dependencies and to explain the calculated
results. Hanson et al.® have reently suggested a different set of rate parameters for
these two reactions both smaller than the ones suggested by Thrush and Boden.
Again, whereas only some qualitative agreement betwen the experiment and the
calculation in the "dry" system could be obtained by no means both the "dry" and
the "wet" systems could be simulated by either set of rate parameters.

A good agreement for both systems in terms of the duration of the induction
times, the power dependencies and the temperature dependence could be obtained
only if a higher value for the ratio k,/k, was taken.

We have used Thrush and Boden's” values but lowered k, by about & factor of

four. Except for the effect of hydrogen which is somewhat overemphasized in the
calculation, the agreement is very satisfactory.

The fact that a single reactioz scheme can simulate two systems with two
different experimental characteristics just by setting [H,), = 0 is, we believe, a very

strong support to our claim that indeed k,/k, is higher than the values suggested by
both Thrush and Boden?, and Hanson et al®.

4. Senstinty Analysis

The sensitivity analysis shown in Table I (column 8) for the "wet" system,
reveals a spectrum similar to the one previously obtained in the study of the “dry"
system®. Both the "dry" and the “wet" systems ave sensitive to the same reactions in
subscheme 1 (reactions 1-16). However, aince some sensitivity is observed towards
steps in subscheme 3, the power dependencies, and the temperature dependence
change. We find a weaker temperature dependence and a different distribution of
dependencies between the oxygen and the cyanogen.

Table I contains also the rate constants of the individual reactions at 1300K
(column 5), and their respective net rates at T/3(=220usec). As in the absence of
hydrogen, the thermal loop of reactions 3 and 4 is atill the fastest set of reactions.
Although their respective rate constants differ by some 2.6 orders of magnitude, their
rates are asimilar. In the absence of hydrogen the rates of reactions 3 and 4 are
practically identical. In the *wet® system, the rate of reaction 3 is by some T0%
higher, indicating iliat the main thermal loop is somewbhat affected by the various
coupling reactions.

As hes been previously mentioned, reaction 11 :NCO+0,+CO+NO+O has been

added to the scheme of the "dry"™ system, and enabled the attainment of & far better
agreement between the calculation and the experiment. As can be sten in Table I,
the system is highly sensitive to this reaction. It presenta an additional very fast
route to transfer the NCO radical to an oxygen stom, a transfer which directly
uffects the tharmal loop and incresses the oxidation rate.
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Table I. The reaction scheme for cyanogen oxidation and its sensitivity
analysis. Percent change in T for a factor of 3 increase in k.
Original Tis 440 usec. Rates are given at 7/2(=220usec)

Reaction Rate Constant Rate Const. Rate T usec %

A n E at 1300K Chng.
The Cyanogen Ozygen Swbscheme

1. OgNg+Ar+ON+ON+Ar 6.51E420 0 128700 1.80E-01 -1.78E-08 486 -1

2. Op+Ars0+0+Ar S.60E+18 ~-1.0 118000 4.04E-056 -288E-08 41 0O
8. 0,4ON-NOO+0 GO0OE+18 0 3300  167E41S  166E-03 48 -1
4. O)N,+0-NCO+ON 240E412 0 8840  7.B4E410  OG4E-04 180 -60
5 ON40-+CO+N 2M4E+418 0 417 LME413  216E-08 487 -1
8. N+0,+NC+40 COE409 1.0 6300  681E411  GO03E-06 452 8
7. NOj+ArNO+0+Ar LIGE+16 0 86000  884E404 —-446E-05 418 6
8. 0+00,7C0+0, 1900B+18 0 54160  160E404  633E-07 40 0O
9. NO,40-0,+NO LO0E+18 0 1000  67E+12  389E-05 M2 0
10, NO+N-N,+0 LO0E+S 0 0  180B+18  218E-04 488 -2
11. NOO+O,*NO+C0+0°  1.60E418 0 15000  102E410  604E-04 205 ~389
12. NCO4+0Q~ON+00,' S.00B+12 0 12000  288B+10  S43B-0¢ 811 -2
13, NOO$0~C0+NO* 5.80E418 0 0 B5B80E+13  1STE-03 600 88
14. NCO+ACO+N+Ar 68IE+12 5 40000  (83E407  2.73B-04 828 -2
15, ON+NO-NQO+N LOOE+14 0 43100  837E408  148E-08 M2 O
18. OR4NO-N,+CO 250E+10 0 0  250E410  O4SE~07 40 0O

The Hydrogem Oxygem Sebscheme

17. HybArsi+H4Ar 2S4E414 0 98000  LTOE-02  -G.T0E-13 40 0
18. Oa+H~OH+0 220414 0 16702  S3IR41l  5OE-08 WS 0
19. O4H,+Ol4H LG0E+14 0 18710 TM4E41E 245B-07 482 -D
20. H4O,+Ar+HO,+Ar LGOE41C 0 =1000  22EHE  -311E-07 0 0
21, H4HO,+OH+OH 260E+14 0 1888  1.20B414  LOSE-07 1 O
2. H4H0,+H,+0, 250E418 0 700 191B418  158E-08 40 O
23. O,+H,+OH+OH 250B412 0 89010  692E405  LOE-09 430 -1
24. OH4H,+H,04H 220E418 0 57 S.00B412  ~1425-08 438 -1
25, OB+H+Ar+H,04Ar 840E421 ~20 0 ATR416 LITE-09 0 0
2. OH+OH~H,040 SB0E+12 0 1000 254B413  -281B-05 437 -8
27. H4O+Ar+OH+Ar LOOE+16 O 0  LOOB4IS  1BE-00 4G O

The Coupling Subscheme

2. O,N,+H-HON4ON 4OB$+18 0 6733  297B412  1LGE-04 427 -8
29. NOO4+HOO~HNCO400" 1008418 0 0 LO0B418  SITE-09 M0 0
30. NCO+H,C~HNOO4+OH® 500E+413 » €000  49aB412 -5.ME-06 41 0
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81. NOO+HCN-HNCO4+ON* 5.00E+18 0 10000  1.04E+12 1.54E-04 43 -1
32. HNOO+0,7HO,+NCGO®  1.00E+18 0 70000  L71E+01  —2.67E~07 441 0
33. NCO+H,»HNOO+H* 300E+18 O 5300  3.86E+12  -246E-07 481 -8
34. HNCO4+Ar NH+CO+Ar® 5.00E418 .6 70000  S.08E+04 3.72E-08 42 0
85. HNOO+0-OH+NCO* 250E+18 0 15500  6.20E+10 1.18E—04 401 -8
36. ON+H,>HCN+H 6.20E+12 0 5300  7.87E+11  -1.78E~09 440 O
37. 00+OH~+CO,+H 1.50E+07 1.8  -760 2.25E+11 1.19E—~04 876 -~1b
38. HON4+O—~ON+OH 42E+18 0 14826  1.38E411 243E-05 422 -5
39. HON+O-NCO+H T29E+18 0 14825  2.33E+11 432E-05 8956 -11
40. HON4+O—HCO+N 400E+14 O 20767  3.86E+409 218E-08 438 -2
41, HON+OH-ON+H,0 2.00E4+11 .8 5000  2.18E+12 21TE-05 440 0
42. HC0+0,~H0,+CO S.16B412 ¢ 7000  2.10E+411 7.87E-09 440 o

43. HOO+Ar+00+H+Ar S.00E+14 0 14830  9.64E+411 2.16E~06 40 9
Rate constants are expressed in units of mole,cm3,sec.

Activation energies are expressed in cal/mole.

k=ATrexp(-E/RT).

*This investigution.

Table II. List of "Calculated Shocks"

1. The "wel® sysiem

Shock TK Composition Cgx10*  Induction Times(ssec)
%C,N, %O, %H, mole/cc cale. Exptl.
1 1300 7 7 0.5 4 440 400
2 1300 3.6 7 0.6 4 700 -
ﬁ 3 1300 7 3.5 0.6 4 656 700
4 1300 4 7 1.0 4 1562 225
5 1300 3.6 3.6 0.5 8 416 660
6 1400 7 7 0.5 4 245 260

L. The “dry aysiem’

Shock TK Composition Cyx10°  Induction Times(psec)
WC,N, %0, mole/cc cake. Exptl.

1 1700 9 0 4 138 140
2 1700 3 3 13 165 184
l 3 10 9 8 4 177 180
4 1700 3 ] 4 380 430
) 100 9 ) 4 46 4
Table [II. A Comperiscn between the calculsted and
the experimentel ignitioh paramelem
1. Ths “wel? syotem
WCN, 70, Y, YAr  E(kcal/mole)  T{psec)
100K 1400K
Cak. «~0.67 «0.68 ~1.53 +1.29 18.8-32.6 440 245

Exptl. ~007 068 -081 +1.32 20 400 260
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2. The "Dry" System
YC,N, 0, YH, YAr E(kcal/mole)  T(usec)

1700K
Calc. —-0.94 —0.24 - +0.18 36.7 138
Exptl. -1.01 -0.21 - $-0.22 34.7 140
3. Coupling by O-atoms only (reactions 1-27)
, yC,N, 0, YH, YAr E(kcal/mole)  T(usec)
1400K
Calc. -0.81 -0.17 -0.80 +0.88 30.7 560
Expil. -0.67 —0.58 -0.81 +1.32 22,0 260
S0
T T T T ] T i
4000 L CNy ¢ Oy Ar ; 7 3230 |7 GyNpo Hpr Qe it -1 4
- e g 3000 |~ -1 40 §
80 |- ~1 7 § 2150 L - 35 §
- ~ 600 ~ -~ - 30 ';
§Sﬂnﬂ = - S00 ? EM P- - 25 PJ
g ~ 00 E gzzso 8 < 20 é
w 2300 - oo W0 . w2000 - - 15 *
v -{ o0 170 | - 10
00 M 1t N
100 ; -3
WL A . 1 0 150 K T 0
1 160 a 200 400
T (SEG + LE -6) T (SECe LE ~8)

Figure 1. Temperature and dT/dt profiles with and without hydrogen, The
ignition point is taker where dT/dt passas through a maximum.
Y. X

oD 1600 140 120
¥ 1 t 1

3000 10=7
¥ = 2300 io-8 E
3 z
: et g
H z 10-8
.. 2000

1-io

1=

€80
T(SEC e {.E 6)

Figure 3. Calculated and experimental Figure 3. Temperature and hydrogen profiles.
induction time= for three Hydrogen is consumed at the very
different calculations. early stages of the reaction.




DETERMINATION OF THE HIGH TEMPERATURE RATE CONSTANT OF THE REACTION,
2NH -+ 2H + Np, IN THE PYROLYSIS OF HYDRAZOIC ACID, HNj

K. Hori, M. Oya , H. Tanaka and T. Asaba

Department of Reaction Chemistry, University of Tokyo,
7-3~1 Hongo, Tokyo 113, ~apan

* National Research Institute for Pollution and Resources,
Yatabe, Tsukuba, Ibaraki 305, Japan

The rate constant of the reaction, 2NH -+ 2H + Nj(ko—)),
has been determined in the temperature range between
1500 and 3200 K in incident shock waves(Py= 6 and/or
10 Torr) by use of atomic resonance absorption spectro-
photometry. HN3 was diluted by argon to 0.005 mol %
and/cr 0.01 mol 8, which was pyrolyzed in shock waves
to produce NH radicals. The problem was that, since
HN3 decomposed spontaneously on the stainless-steel
wall of the shock tube even in the room temperature, the
initial concentrations of HNj could not be estimated by
the conventional ways. In this study they were estima-
ted by the conventional ways. In this experiments the¥
were estimated by the indirect method as (3 v 7) x 10
.mol/cmd., The rate constant of kz—l is detexrmined as
kz—1 = (1.4 £0.2) x 10'* “and/mol. sec.
with little temperature dependence, here the rate cons-
tant of the reaction, HN3 + Ar -+ NH (D) + N2 + Ar, was
gstimated by RRKM calculation at the high temperatures
of the present experimental conditions.

1. INTRODUCTION

In the previous papers‘scveral rate constants in the high temperature
reaction systems of nitrogen and hydrogen had been estimated by use of the
combination of shock tubes and atomi¢ resonance absorption spectrophotometry.
Inthis study the gsimilar technique was adopteod to determine the rate coastant
of the reaction,

2NH -+ 2H + N, K]
Lore NH radicals were produced by pyrolysis of HN3 in shock waves.
Thora have gcnn many studies carried out on the photolysis of HN? and the
related processes) in which the primary products were ostimated as NH('d) and
N2.  On the other hand, thermal decomposxtxon of itN3 has been investigated by

sevaral authors by use of shock tubes, i.e. Zaslonko ot ald Xajimoto et al'and
Bupré et al¥  The rate constant of the reaction,

HN3 + Ar * NK ¢ Ny + Ar, Xy

detormined by Kajimoto 2t al and Dupré et al in the low pressure limit region
were ‘n accoxd with vach other, although their designation of the energy state
of NH radical produced were different. Besides, several studies on ignition
and combustion of HN3 Jere carried out. Among them Avouris et a1t recently
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observed an explosion of HN; caused by a CQ, laser and concluded the primary
product of the reaction was NH(!A).

The problem of the present study was that, since HN3 was decomposed on the
stainless-steel wall of the shock tube spontaneously even at the room temperat-
ure, it was difficult to estimate the initial concentration of HNj3; before shock
generating by the ordinary methods, i.e. by pressure measurement or by some
static methods. In this study by considering the reaction mechanism of this
system the initial concentration of HNj in shock waves was estimated indirectly.

2. EXPERIMENTAL

The apparatus and the procedures were almost the same as those of the
previous experiments !» 7.  Experimental conditions are shown in Table I, here
"mol fraction" means those of HN3 and Ar in glass strage bulb in which HN3 was
not decomposed. HN3 was prepared by the similar method as adopted by Kajimoto
et al.

An example of the oscillograms of the Lyman ¢ absorption by atomic hydrogen
produced from the pyrolysis of HN3 in shock waves is shown in Fig. 1. The time
variation of the concentration of atomic hydrogen reduced from the oscillegram
of Fig. 1 is shown in Fig. 2, hexe the correction of the boundary layer effect
on the shock heating duration was carried out. As it can be seen from the
figure, the concentration curves of atomic hydrogen were of sigmoid type and
they reached steady states. The concentrations of atomic hydrogen at steady
states seemed to be independent on temperature and so they were higher than
those in equilibrium below 2400 K as shown in Fig. 3, here (HN3)ypp means the
initial concentration of HNj ir the shocked gases on the assumptioh that no
decomposition occurs before shock generating.

It was known that HN3 had atendency to decompose spontaneously on the
stainless-steel wall at the room tomgoratuzesand in this experiment therv was an
evidence which showed the existence of the decomposition of H¥; in some extent
before ghock generating. Therefore, the initial concentration of HN; in shock
waves could not be estimated directly. From Fig. 3 and the reaction mechanism
of Table Il it could be considered that the steady state concentratious of
atomic hydrogen werxe close to the initial concentrations of Ny in shock waves,
that iu, the atomic hydrogen producing reactions, mainly ky and ¥k ;. is much
fastor than the atocmic hydrogen eliminating reactions, kg.y . ky.; anu ky.j.,
accordingly HNy is converted almost completely to astomic hydrogen reqardless of
the equ!librium under the experimental conditions. The initjal concentrations
of HN; in shock waves ware estimated as {3~ 7) x 101! wol/add.

3. ESTINATION OF THE RATE CONSTANT OF k.,

The mechanism of this roaction system is shown {n Table If which was
adopted by consideration of the previous studies and the experimental conditions.

3.1 The Initiation Reaction, K

There exists a discussion on the enecrgy state of the primary product of
Hd . i.c. that of NH radival {s whathex (1a) or @L). Zaslonko et al and
Dupré et al supported the formexr , while Kajimoto et al prosumed the latter to
be the case. In this paper, however, this problem would not consider further-
more, sinte the precont experiment did not observe neither HYy nor NH radical.
Instead, the rate constant of NH3L) producing reaction at high cemparatures of
the present experiwments, 15004 3200 K, were estimated by RREKN calculation.
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The rate constant which was fitted to the previous experimental data was adopted
for further calculations. This is shown in Fig. 4 in which the cuxve of Ej =
38 kcal/mol seemed to be the competent oie.

3.2 Atomic Hydrogen Producing Reactions, kj

Two reactions should be considered for the atomic hydrogen producing
reactions, i.e.

2NH(3E) + Np + 2H Ky-1
and
NH(3L) + Ar *H + N + Ar. Kp—2

For the latter reaction the guessed value by Bahn®shown in Table II is conside-
red to be too high. Even if this value was adopted, the latter reaction might
be significant only above 3500 X, being compared with the former one. Theref-
ore the latter could be neglected under the experimental conditions.

2.3 Atomic Hydrogen Eliminating reactions, k3

Three reactions should be considered as the atomic hydrogen eliminating
reactions, i.e.

2H + Ar » Hy + Ar, k3—1

NH + H + Ar ~ NH; + Ax K32
and

NH + H{ » N + Ha, K33

The first reaction becomes fast as hydrogan atoms accumulats, while the
lattay two reactions have a maximum in the reaction rates in the courge of the
reaction, i.e. they decay as NH radicel are consumad. The first and gecond
reactions are influsntial at low temperatures, while the rate constant of the
last veaction 16 almost constant in the temperature ranga of the experisent.
Since the in€luences of thase three reactions could be observeu after 500 ~ 800
pssc., they were not coasideved in this paper.

2.4 Tha Influences of the Producty Decouposad before Shock Hedsting

N3 is decomposed spantaneously on the shack tube wall before shotk waves
are ganorated. The final stabhle products 0f decopposition in room tempurature
can he considered as Hy and Na.  During shock heating Hy; may react with NH
radical and preduce atomic hydrogen as

Hy + NN+ Nig + H. Ky

The condition undexr which this reaction had an influence for cstimation of the
rate constant of the reaction, ky.j, was considered. The rate of the atomic
nydrogen producing reaction of k; depended on both the extent of preshock
decomposition and the temperatures of shock waves applied. According to the
rasults of calculation the data in which the ratio of the steady state concente
ratior of atowic hydrogen to the apparent initial concentration of KNy was less
than 0.2 should have been cmitted for derivation «f x3.y.

3.5 Determination of k.4

In addition to the abowe discussicas tha followings ahould be netsd.
First, the rcaction, .
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NH + HN3 + NH, + N3,

which is quoted in the paper of Kajimoto et al and others, is slow and negligib-
le under the present experimental conditions. Second, the several reactions of
atomic nitrogen, i.e.

N +NH-+N +H,

N +Hy » NH + H

and
20 + Ar + Np + Ar

need not be considered. sincze the production of atomic nitrogen is negligible
under the experimental conditions.

By adopting the rate constant obtained from RRKM calculation for the
NH (32) producing reaction, the rate constant of kz.) was derived by simulative
calculations. Here, It was necessary to vary the initial concentration of HNj,
of which value gshould be a little less than the steady state concentration of
atomic hydrogen. In Fig. 2 an example of the simulative calcmlation is shown.
In simulation of the experimental data it was noticed that ihe rate of the init-
iation reaction of HN4 decomposition, k), seemed to be too high to simulate the
experimental data precisely in the injtial stage of the reactien. Since the
curve-fitting was performed after the inflection part of the curve of the conce-
niratien of atomic hydreogen, the evror due to the incorrectness of k) was to be
small, being compared with the experimental uncertainty.

The rate congtant of kp.; thus obtained are expressed as

kaop = (1.4 2 0.2) x 108 em¥/ mol. sec.

&

with little temperature depesndence and is shown £ Pig. 5. Pig. & is tha Comp-
arative figure of the prasert estimation with the previous ouwns. The rate
constant of kp.j ol the prasent study lies between those obtained by Meabum et
alll and by ¥ajimoto et al, which are contradictorily sepazated.

It siould be noted tnat this estimation is egnsistenc with an ab initic
calculaticn performed by Fueno by use of §-31 geeld

1. CONCLUDING RENARKS

By pyrolysis nf hN; to groduce W) radical the rate constant of the
reaction,

w3 - K ¢ 24, K3y
war determined as

Koy = (1.4 ¢ 0.2) x 108Y  aad/ mol. sec.

with little tesperature dependence in the tesperature range batween 1560 and
3200 X.

There left geveral problems: First, an ambiguity on the shergy state of
KH gradical produced from Hiy primarily oxists,  This may cause an evror in
estimation of ky_j, although it is considered not to be large. Second, devey
of the concentration of atomic hydrogen could be seen obviously in the latter
period of shock hesting, The rate constant of the reaction, Xy.y, then, can be




Horiet al.: High Temperature Reaction Rate, 2NH~—2H + N, 265

estimated by a careful treatment of the non: deality in particle time of flicht,
density and temperature in the shock heating zone which is far from the shock
front.  Third, The rate constant of the reaction, k,, may be estimated by pick-
ing up of the omitted data in the present study. They will be done near future
and the whole mechanisim of the prasent system will be completed.
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Table I, Experimental conditions
Composition mol fraction * Temperature | P)
HN. % Ary (K) ({Torrx)
N I 0.005 99,995 1530~3130 10
1 } 0.01 99,99 1550-~3230 |6 , 10
+ see text
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Table II. Reaction scheme and rate parameters, k=A TPBexp(-E/RT) ;em®mol s unit

log A B E References
1-1 HN3 + Ar + NH(!8) + Np + Ar 16.5¢ 0.0 51.0 (4)
1-2 HN3 + Ar + NH(3L) + N2 + Ar 13.77 0.0 30.6 (4)
2-1 2 3L) >Ny + 2H 14.15 0.0 0.0 this work
. 2-2 NH(3Z) + Ar + N + H + Ar 12.51 0.5 69.3 (8)
3-1 H+H+Ar » Hy + Ar 14.81  -1.0 0.0 (9)
-(3-2) NHy + Ar + NH + H + Ar 14.74 6.0 74.7 (1c)
, 3=3 NH + H N+ H 13.0 0.0 6.37 (10)
4-1 Hy + NH + NHp + H 13.17 0.0 12.9 (10)
~ 8
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Fig. 4. The rate constants of kj.
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A SHOCK TUBE S'TUDY OF THE PYROLYSIS OF

PARTIALLY DEUTERATED PROPENES

V. Subba Rao and Gordon B. Skinner

Department of Chemistry
Wright State University, Dayton, Ohio 45435, U.S.A.

Very dilute mixtures of CD,CHCH,, CH,CDCH,,
and CH,CHCD., were pyrolyzed at 2500-2800 % behind
incidetit shdock waves at an average pressure of
0.42 atm, and behind reflected waves at 2.8 atm.
Analysis for H and D using resonance absorption
spectroscopy showed that propene dissociates partly
by formation of hydrogen atoms and allyl radicals,
and partly by formation of vinyl and methyl radi-
cals., Both of these unimolecular dissociation
reactions of propene are in the intermediate fall-
off region at our pressure and temperature range.

1, INTRODUCTION
The goal of this study has been to learn about the unimo-

lecular i{nitiating steps In propene pyrolysis. The two reac~
tions that have been most considered are

CH,CHCHy + CH,CHCH, + H (1)
CH,CHCH, + CH,CH + CH, (2]
Other possibilities are loss of 32 by reactions such as
CH,CHCHy + CHCCH, + H, {3)
CH,CHCH, + CH,CCH, + ", [4]

Barlier shock tube studies have not been able to distin-
gulsh among the possibilities, although reaction {2] has genc-
rally been said to be the wain {nitiating step. The single-
pulse studies of Chappell and Shaw (1) and Buvrcat (2) in the
teaperature range 1100-1700 R shoved formation of approximately
equal concentrations of C,H, and CH,, which could be attridbuted
to reaction (2}, and somewhat smalldr concentratfons of alleune
and propyne (methyl acetylene), which could be produced by
reaction {1] er peasibly by secondary reactions. The al-
lene/propyne ratio was greatest at low temperatures, suggesting
that alleue i{s foruwed first, then rearvanges to propyne.

In s study of propene pyrolysis in the presence of a large
excess of D_, Yano (3) obaerved formation of CH.D and C HBD'
which could“be formed via reaction (2}, and alsd a auba%autlai
asount of CHZCRCR D, some of which, at least, could be formed
via reaction [1).° The fact that many different deuterated
comnpounds were formed in this study setrongly suggests that the
overall reaction proceeds mainly by free radical process ini-
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tiated by [1] and [2] rather than molecular processes initiated
by [3] and [4].

The laser-schlieren shock tube study of Kiefer, Al-Alami
and Budach (4) covered the temperature range 1650-2300 K, which
lies mainly above the range of the single-pulse studies, Thelr
results were interpreted using equation [2], but they pointed
out that the interpretation would be nearly as good if a sub-
stantial amount of initiation occurred via {1]. Basically, in
all of the experiments done so far, the concentrations of
propene were so large that product distributions and heat
effects are substantially affected by secondary reactions,

Our approach was to measure the formation of H and D atoms
in the pyrolysis of very dilute mixtures of partially deute-
rated propenes in argon. Because of the very low propene
concentrations, secondary reactions were of relatively minor
importance, so that the measurements of H and D concentratiouns
gave fairly straightforward evidence as to the initiating reac-
tions leading to their formation.

2. EXPERIMENTAL PROCEDURES

Qur apparatus and techniques for measurements behind re-
flected shock waves have been described in an earlier paper (5).
We used a stainless steel shock tube with a test section 7.6 cm
in diameter and 4,5 m long., Concentrations of H and D atoms were
measured by resonance absorption behind the reflected shock wave,
2 cm from the end plate of the shock tube, For measurements
behind the incident wave, the measurement station was not
changed, but a 1.8 m oextension was added to the tube to delay the
formation of the reflectad wave beyond the desired test time.

Propene-l,l=d, (I) propene-2-d, (I1) and propene-3.3~3-d3
{I111) were from Hcgck and Co., and were stated to be at least
98% of the stated compound., Argon was from Airco, Inc,,
Research Grade, with 2 ppn maximum total ilmpurity, and less
than 0.5 ppn hydrocarbons reported as methane,

I3, RESULTS

Because propene absorbs H and D Lynan-o radifation rather
strongly, all our mixtures were quite dilute. As mentioned
above, the low concentrations ware also advantageous in minimi-
zing the effects of bimolecular reactions following the inteial
unfmolecular ones. We carried out experiments at two pressure
levels: 2,8 atm, with a standard deviation of 0.4 atm, and
0.42 atm, with a standard deviation of 0,07 ata. At the high
pressure, nmixtures of 5 and 20 ppm of I, Il and IIl {n avgon
vere studied; while at the lov pressure, aixtures of 10 ppa of
each of the propenes were used, All of these wmixtures were
made by dilution of more councentrated wmixtures, For each of
the above conditions, both H and D concentrations wevre meagured
in separate experiments. A total of 153 experiaments was car-
ried out.
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Allowance for absorption of Lyman—-g radiation by molecu-
lar propene (which had been measured in separate experiments at
temperatures just below those at which H and D atoms could be
observed) was made in all experiments, but the correction was
significant only for experiments with 20 ppm propenes under
reflected shock conditions, Typically, the Lyman-g 4intensity
dropped suddenly when the reflected shock passed because of the
molecular absorption, then subsequently more slowly due to H
and D formation, so the two effects could be distinguished.

In general the concentrations of H and D atoms initially
increased linearly, then subsequently fell below extrapolation
of the linear relationship. There was no evidence of induction
times for appearance of H or D in any of the experiments. In
this paper we have carried out the data analysis by calculating
the initial rate congstants for formation of H and D, which will
lead to values of the rate constants for initiating reactions.
We plan to report vn detailed modelling calculations which will
gsimulate all the data over the experimental times in a subse-
quent paper.

Table I ligts the initial rate constants for all our sets
of experiments,in Arrhenius form, and also lists the rate
constant at 10°/T = 6.40 (1562 K), a temperature that lies near
the wid-point of our temperature range, We have combined the
20 ppm and 5 ppm data at high pregssures, since the rate con-
stant data overlapped. There seemed to be a slight tendency
for the 5 ppm data to be higher, perhaps because at 20 ppm
there was gsome loss of H or D by reaction with propene, even
near the beginning of the experiment. The rate constants (in
first-order form) were calculated by the equation

k, ®» mRT/Px

1
where m is the inittal alope of a grapglof_{al or [D]) versus
time, R the gas constant in ¢c atn mol K °, P the pressure in
atm, and x the mole fraction of prope.e {in the mixture. The
generally lower rate constants at 0.42 atwm compsred te 2.8 ata
indicate some uniwolecular fall-off {n our experimental range,

4., DISCUSSION

Our data can be uded to determine rate constaunts for the
frea vadical reactions [1)] and (2] given in the Introduction,
but they casnnot detect pyrolysis by the molecular channels [3)
and (4). These reactions could affect our results by causing
less propenc to be present than we would otherwise expect,
Analogies with ethylene pyrolysig suggest that molecular chan-
nels may not be very f{mportant., Roth and Just (6) found that
the reaction

CoH, + Ar » C,H, + H, + Ar (2)

274 272 2

{8 second-order under conditions similar to ours, At 1562 51

and 2.8 atm, the rate constant tglflrst-order terus {g 50 & °,
while at 0,42 ato it 48 ounly 7 a8 “, 1If reactions (3] and (&)
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Table I. Initial Rate Constants for Propene Pyrolysis
-1 std. Dev. k,s *
Compound Atom A,s E,kecal in log k at 1562 X
Sppm and 20 ppm propene at 2,8 atm obs. calc.
1 H 4,3E10 57.9 0.14 350 490
D 2.0E12 71.1 0.06 230 140
11 H 3.0E13 78.3 0.13 330 530
] 5.4E13 81l.1 0.19 250 150
III R 1.0E15 91.7 0.17 150 260
D 7.7E10 60.3 0.10 290 150
’ 10 ppm propene at 0.42 atm
1 H 3.8E12 72.9 0.09 240 300
D 4,1E11 69.4 0.05 80 70
II H 1.0E13 76.4 0.03 220 270
D 1.1E10 57.6 0.09 90 90
111 H 4,4813 81.9 0.06 150 140
D 3.5E12 74.7 0.11 120 110
Table 1I, Reactions Considered in Propene Pyrolysis
k at 1562 X
Reaction cc, wmol, s Ref
1. cuzcucua-ocuzcncnz + H 310, 160 this work
la. CHZCHCH3-'CﬂZCCH2 + 2K 210, 110 this work
1b. CHZCHCR3~0033CCR + 28 100, 50 this work
2. CHZCRCHS-*Cuch + CH3 130, 50 this work
2a. CHZCHCR3-‘CRCR + H + CH3 130, 50 this wvork
N 12
3. H + BH2LHCR3 *CH3CHCH3 4.0 = 10 9
Ja. H + CH,CHCH, = CH CHCH, + K 4.0 x 1012 9
12
4, R+ CKZCRCH3 *CHZCchK3 4.0 x 10 9
12
da, H + CRZCKCR3~°CH2vH2 + CH3 4.0 x 10 9
. 12
e H + CRZC8083-0CH20RCR2 + 82 3.1 x 10 9
12
5a. H + CHZCRCKa-ocuchRZ + /] + “2 2.1 x 10
5b. H ¢ CH,CHCHy »CH,CCH + B + B, 1,0 x 10'2 9
Note: Units for reactxoni 1 S“d i are s 1; for reactions
3,4 and 5 are mol cam + The two valucs for
reuctlonn 1 and 2 are for 2.8 atm and 0,42 ata, regpec-
tively. Rate constants vere adjusted, as noted in the
text, vhen D atoms were present.
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are this slow, they should cause the loss of no more than a
few percent of the propene during the time needed to determine
the initial rate of formation of H or D,

The way in which our studies can lead to an understanding
of the reaction mechanism can be seen by writing equations for
the free radical reactlions of the partially deuterated pro-
penes, as follows:

I. CDZCHCH3 - CjifHCHz + H (1]
CDZCCH2 + H; CDZHCCH + H; CDCCH3 + D
CDZCHCH3 -+ CDZCH + CH3 (2]
L* ¢DCH + D
II. CH2CDCH3 + CﬁifDCHZ + H [1]
CRZCCH2 + D; CHZDCCH + H
CRZCDCR3 > CHZCD + CH3 (2]
L‘ CHCD + H
I11. CH2CHCD3 b CiifHCDz + D {1]
CHZCCD2 + H; CHCCHD2 + H; CH3CCD + D
CR2CHCD3 - CHZCR + CD3 {2]
L‘ CHCH + H

If these are the only reactions to be considered, the. it
18 clear that reaction [2] produces ocnly D from I and only H
from 11 and IXI., The presence of doth H and D in pyrolysis of
all three compounds indfcates that reaction [1l] and [2) can be
deternined from the relative asmounts of H and D in the various
experiments,

Undar our very low concentration conditions, it is expec-
ted that the allyl and vinyl radicals formed by roactions [1)
and [2] will indeed diesgsociate by loss of hydrogen rather than
react with other species. No bimslecular reactions will be
very important, but reactions of H and D with propene (the
aost likely bimolecular reactifons) should be considered., Ne-
thyl radicals will be relatively unreactive and will be as-
sumed stable, We expect that the allyl radical vill disso-
ciate mainly to allene, but the possibility that some will
foru propyne gshould not be excluded, Dissoclation of viayl
and allyl radicals is expected to occur within a few microse-
conds (comparable to our instrument response tfme of 5 micro-
ecconds) so formation of K and D will appear linear with tiame
{at least at first), depeading on the rate of digsociation of
propene. Finally, we have assused a kinetic tsotope effoct of
1.6 relating rate constants for reactfons breaking a C-H bond
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compared to a C-D bond. This value is based on experiments
and calculations we have made for ¢, (7) and CD3CDZCD3 (8).

All of the types of reactions we have considered are
given in Table II. PFor each elementary reaction we have writ-
ten one or more global resctions that show fthe more stable
products produced by dissociation of the radicals that are
formed first. These global reactions are the ones acrually
used in the calculations. In testing for the distribution of
allene and propyne i{n dissociation of tne allyl radical, we
have maintained consistent ratios of k., /k., and ky /kl . As
shown in refareunce 9, isopropyl radicald fdfmed by %eacgion 3
digssociate back almost entirely to isopropyl radicals, but
this process does produce a visible reaction with partially
deuterated propenes. However, normal propyl rad?cals produced
by reaction 4 dissociate primarily to ethylene and methyl,
thus effectively removing H or D. The general effect of
reactions 3, 4 and 5 in our mixtures is to lower the concentra-
tions of H and D, the loss of H being slightly faster., While
the number of reactions is quite small as written in Table II,
the total number increases to 42 when isotopic substitution is
ronsidered.

Apart from allowing for isotope cffects, we kept the rate
constants for reactions 3, 4 and 5 fixed at the values given in
reference 9, This left only three variable parvameters: the
rate coenstants for [lal, {[1h] and [2a). These were adjusted
to give the bdest fits to the high pressure and low pressure
data sets, taken individually, aince full-off is expected for
reactions [1] and [2), The criterion of best fit war to take
ratios of obsarved to calculated rate constants for furmatian
of K and D for sach compound (see the last two columns of
Table 1), and make the sum of the leogesrithms of these ratios
add to zero. The rate constants that gave the best fit are
given in Table I1, The standaxd deviation in the logarithms
of the ratios was 0,15, corresponding to a factor of 1.4 in
the rate constaut,

The calculation was not highly sensitive to the fraction
of allyl radical dissoclating to alleae or propyne, The best
fit occurred with about one-third of the allene golng te¢
propyne, as noted in Table II, but the standard deviation
fucreased only to 0,20 as the vatio varied from zero to owne-
balf. Using a larger fraction of propyne led to a very bad
fit for propenc-2-d,, since this molocule depends on allene
formatfon to produce the obdbserved D atous.

Wo have sade RKKH calculstions for the dependence of the
tate coaxatante of propene dissociation ot pressure. Out mo-
dele are similar te those we usced eatrlier for methane and
ethane (7,10). For re.ction {1] we compared with losas of H
from methane, and constder the activated complex to have tuwe
substantially lowered bending frequenciecs, Por reaction {2}
we corpared with diesocfation of ethane, and considered the
cosplex to have four subatantially lowered bending frequen-
cles. Use of the same ‘owvesred freguencies as we us~d for
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methane and ethane, and the heats of formation of radicals
given by McMillen and Golden (1l1) led to first-order rate
constants close to those found experimentally, If the energy-
transfer model of Tardy and Rabinovitch (11) that we used
earlier is again applied, we obtain a collisional efficiency
of about 0,015 at 1562 K. This value is probably too low, but
when combined with RRKM calculations, which are themselves not
altogether realistic, this energy transfer model led to good
agreement with the extensively studied ethane dissociation
system, The calculations show a fall-off of a little less
than 2 for reaction [l] and a little more than a factor of 2
for reaction {2}, between 2,8 and 0,42 atm of argon at 1562 X,
in agreement with experiment, At that temperature, k/k, for
both reactions is about 0.5 at 2.8 atu.

Comparison of our rate constants with those of other
workers is difficult because conditions in the experiments
differ. To couwpare rate constants for propene dissociation,
we would note that our value_yould be the sum of k, and k,,
440 s at 2.8 atm and 210 s at 0,42 atm, and 15%2 K. En a
single-pulse experiment at 1570 K, 2,6 atm total pressure,
1.62 propene in argon, and 700 microseconds residence time,
Burcat (2) found 22% of the prepene remained giving a first-
order rate constant of 2200 s =, While this is 5 times grea-
ter than our value, the differeunce could be due to secondary
reactlons of H and CH, with propene, which would occur at this
much higher propene edncentrations. Kiefer et al. (&)
worked at concentrations somewhat lower than our data at 0.&;
atm. From their second-order equation we obtain I = 1900 s
a6 a first-order value at 0,42 atm and 1562 K, which again i3
substantially higher than our value, but the comparison is aot
exact because of the intermedjate order of the reaction
under our conditions wnd the lower temperature part of thelrs,

In conclusion, we have shown that propene dissociates
substantially to allyl radicals and ¥ atoms, as well as
to vinyl and methyl radicale. Both reactione are in the
tyansitional part of the unimolecular fall-off rvaunge at about
1600 K and 1 atwm total pregsure. The rate constants we {ind
are lover than those in the literature, which can bhe attrcf-
buted partly to the effects of secondary reactions In the
other experiments and the difficulty of extrapolating rate
constants when the order of the reaction {s changing with both
temperature and pressute,
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Shock Tube Study of Acetaldehyde Oxidation
A. Koichi Hayishi and Toshi Fujiwara

Department of Aeronautical Engineering
Nagoya University, Nagoya 464, Japan

The sensitivity analysis was applied to
experimentally determine the rates of unknown reactions
in an acetaldehyde oxidation system. The concentrations
of O-atom and CO- and OH-molecules in this reaction
system were measured behind a reflected shock wave using
the ultraviolet and infrared emission spectroscopy. Two
types of CH CHO/Oz/Ar mixtures, the equivalence ratios
0.94 and % 5, were used to investigate the
concentrations of 0,CO and OH species at the temperature
1470-1960 K and the pressure 0.46-0.67 MPa. The H,/0
mixture was used t2 calibrate OH concentratlons an
€C0/0, mixture O and CO concentrations. The previously
proposed acetaldehyde oxidation mechanism was studied
usiny the program which performs detailed chemical
reaction simulation and sensitivity analysis. The
extensive sensitivity analysis predicted the following
four important reactions and their rates in CH3ca0/02/Ar
reaction mechanism;

HCO+MPH+CO+M, kgp= 1.0x1013exp(~19000/RT) cc/mole.sec

OH+CHyCHOPH,04CH4CO, kg = 1.0x10}dexp(-4240/RT) co/mole.sec

CH+O%CH, O+H, k3= 1.0x101dexp(-2000/8T) cc/wole.sec

O+CH3CHO®OHACH4CO, k3 = 2.0x1013exp(~2300/RT) cc/mole.sec
1. INTRODUCTION

One of the conseguential intermed ases in hydrocarbon
combustion is known to be acetaldehyde'! which is a key
componant in the exhaust {rom internal combustton angines as a

cause of photogpamxcal smog. Numaerous studes including a recent
one by Benson® predicated since 1930°s that aldehydes were
important initiators of knocks in automobile engines.
Acetaldehyde oxidation ﬁas studied at the low temporature 593 -
813 K by Baldwin §t al.”, and at the medium temperature 1030 -
1115 K by Colket no“cver. the information on acetaldahyde
oxidation at the temporature higher than 1200 K 18 very scarce
despite its needs. Thus the acetaldehyde oxidation reaction
mechanism has not completely been cstablished at the high
temporature 1200 ~ 2500 R, where combustion occurs. ‘The purpose
of the present study is to valddatc the previously developed
acetaldehyde oxidation mechanism® and to experimentally determine

someé of the rates at the temperature 1470 - 1960 K and the
pregssure 0.46 -0.67 MPa and to analyze the data on the basis of

sensitivity analysis.
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2. EXPERIMENT

The experiment was conducted using a single-pulse shock tube
of 50.8 mm i.d. and 5.86 m 1§?gth. In order to produce a
single-pulse shock wave, a 0.1 m” dump tank was installed 10 cm
downstream of a plastic diaphragm, which separated the stainless
steel driver section from the pyrex glass test one. The shock
tube showed a ieak rate of less than 1.0 Pa/min and was evacuated
down to less than 0.1 Pa.

A ball valve was used to open the dump tank, pressurized up
to the driven section pressure, 3just before rupturing the
diaphragm by a needle. Acetaldehyde was Merck Grade 99.5 % pure
with water as the most probable impurity. Argon, hydrogen,
carbon monoxide and oxygen were Nihon Oxygen Grade 99.39 % pure.
Prepared were the stoichiometric hydrogen/oxygen mixture diluted
with argon, stoichiometric carbon monoxide/oxygen mixture diluted
with argon and acetaldehyde/oxygen mixtures at the equivalence
vatios of 0.94 and 2.5 diluted with argon. The shock speed was
measured by a multichannel time counter signaled from a
pliezoelectric pressure transducer (Kistler 601H). The initial
temperature and pressure immediately behind a reflected shock
wave were calculated from shock relations taking account of the
temperature dependency of enthalpies.

A schematic diagram of the experimental setnp is shiown in
Tig.l.

The OH cencsntraggon was measured using the emission of the
R, branches of “¥ - <l (0,0} band system at 3064 A. The OH
wltraviolet emission was focuged on the entrance slit of a 10 cm
monochromator (JASCO CT-10), fatrancve and axit siits were set to
200 pm width to supply enough emission into a photomultiplier
{Hamamatsu Photonics R106), A stoichiomatric hydregen/oxygen
migture was ugod teo obtain a calibration vurve fox OH emission
comparing cxperimental data with Lhe Computational results. A
least square fit of the calibratiorn razulta is shown in Fig.2
confirming that the obsorved omizsion isatensity 1s proportional
to the computed OH concentratiens using nine well-known
elementary reactions listed on Tabie 1, ,

The measuremant of O-atvom cencantra§tien was conducted using
the same moethodology 4s Bowkisn  in 197570 The chemiluminascent
emission of the 0+C0eCO,+hw reaction at 3060 A passed through a
quarte window and way focused on the entranca slit of a 10 cm
monochromater. & photomultiplier {Hamamatsu Photonics R1i06)
detected the ultrasviolet light frowm the exit of the
nonochromator.  In zrder to dotermine the O-atom goncentration,
the infrared emission from the fundamental band of CO molocules
at 4.8y m wan measured simultancously with the above ultravioloet
emigsion .  The infrared light passed through a CaFy window and
focused on the entrance slit of a 25 cm infrared monochromator
{JASCO CT-29%). A crywgenically cooled infrared detector {Santa
Barbara Resaarch Center PbSce LTO Detector 4311) sensed the
infrared emission from the exit slit. All the slit widths used
in this oxpiriment wore 200y m.  The following relation between
the intensity of ~hemiluminescent emission and the Q-atom and
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COo~molecule concentrations was used,
1 =k [o}(col

where % &s a temperature and total pressure-dependent
constant™’ This 0+CO»CO+hV reaction system was calibrated by a
stoichiometric C0/0y mixture diluted with argon and compared with
the computational results using three elemc~tary reactions listed
on Table 2. The least-sguare fits of the calibration data for
the intensity of the chemiluminescent emission from the 0+CO
reaction and for the intensity of the CO infrared emission are
shown in Figs.3 and 4, respectively.

When an Arrhenius type rate cunstant was applied, the
activation energy of the 0+CO xeaction was 4570 cal/mole, which
agreed with the result obtained by Bowman’.

3. EXPERIMENTAL RESULTS

The concentrations of O-atom and CO- and OH-molecules were
obtaired behind the reflected shock waves using a near
stoichiometric and rich acetaldehyde/oxygenfargun mixtures. The
ranges of temperature, pressure and total species concentrationg
were 1470 - 1960 K, 0.46 - 0.67 MPa, and 2.89 - 6.19 x 107
mole/cc.

b typical experimental output of radiation intensities on an
osclliloscope is shown in Fig.5. Fig.5-{a) shows a typical O#f
ultravielet emission at 3064 A for the acetaldehydefoxygen/argon
mixture at the equivalence vratio 2.9, temperature 1760 K and
prassure 0.503MPa. Fig.5-i(b) is an exawmple of the
chemiluminescent light of the Q¥Q reaction at 3680 A and the
infrared radiation «of CO-molecule at 4.8y m for the
acataldehyde/oxygenfargon misxture at the eguivalence ratio U.94,
tewperature 1830 & and pressurc 0.472 HMPa. The transiont spikes
for the 0+CO reaction and OH emissions arce observed in the
experimants at near-stoichiomotric and rich mixtures. This
transient spike of 0-CO chemiluminesconce cgntains unknown
hydrocarbon omissions as Jachimowski pointad out® in the study of
a methane oxidation systom. Hence the maximum intensity of 0-CQ
emission (s extrapolated from its equilibrium value. The
concentration of €O is obtained from the corresponding data to
the maximum 0-CO emission.

The maximum O-atowm and OQ-molacule and corresponding CO-
molecule concentrations as woll as the température, prossure and
spike-time are tabulated for the near-stoichicometric and rvich
CH3CHO/04/Ar mixtures in Table ). The uncertainties ia the
medsuroment of ¢oncentration are at most 20 % considering the
optical systems, pressure and temperature calculations and the
data calibration.

4. SENSITIVATY ANALYSIS

A sensitivity analysis (Greon’s Function tethoal®elly for
acataldchyic oxidation was performed to the previously doveler.d
mechanism”. ‘The purpose of using the sensitivity anaiysis in
this study is to systematize the analysis of the present results;
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in other words, to pinpoirt the important reactions related with
O-atom and CO- and OH- mnlecules and to obtaln the proper rate
constants for tnosc reactions. The details of the concept and
method of oy r sensitivity analysis can be found out
elsewherell' . Table 4 tabulates several reactions having
sufficiently large sensitivity coefficiznts for near-
stoichiometric and rich mixtures of the CH4CHG/O,/Ar system. The
hydrocarbon-related reactions such as;

Reaction 22: CZHS —> H + C2H4
Reaction 27: CHy + M —> CHy + H+ M

became more important for the reactions ¢f rich mixtures than
near-stoichiometric mixtures.

The calculated time to the maximum concentrations of O-atom
and OH-molecule was found to agree with that of experimental
results without adijusting any rates except that of H,0,-related
reactions. The present acetaldehyde oxidation mechanism
contained 81 elementary ieactions excluding ketene-related
reactions, as sbuwn in Table 5. It was found out that H2/02
reactions were important fo' "he hydrocarbon combustion and the
same H2/02 rate constants uld not bhe used for different
temperature -ang4-s if those reactions were strongly temperature
depandent. T.e¢ maximum concentrations of O-atom and OH-
molecule were calculated using the results of sensituivity
analysis. Basically, the following four elementary reactions
were adjusted to fit the maximum values of O-atom and CO- and OH-
molecules concentrations;

Reaction 61; HCO + M - H + CO + M
Reaction 5 OH + CH3CHO b HZO + CH3CO
Reaction 33: CHy + 0 -* CH,0 + H

Reaction 3: O + CH3CHO -> OH + CH3CO

The rates of those reactions were obtained using typically
available experimental results on induction time,

kgy = lx1013exp(-19000/RT) cc/mole.sec
kg = 1.0x1014exp(—4240/RT) cc/mole.sec
kyy = 1.0x1014(xp(—2000/RT) cc/mole.sec
ky = 2.0x10 3exp(-2300/RT) ce/mole.sec

where the piblished values on activation energy were used to
determine the rates., The above four reactions were chosen by
setting up the criterion that the well established reactions and
their rates were fixed. It should noted be that the important
reactions cotained using sensitivity analysis were essentially
valid only it the temperature where the sensitivity analysis was
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applied. 1t should be necessary to check the sensitivity at
different temperatures as well as for different mixtures in order
to obtain the general reaction mechanism and associated reaction
rates.

5. DISCUSSIONS

The sensitivity analysis is powerful to Getermine the rates
of unknown reactions when the rates of well established reactions
can be fixed, as is proved in the present paper.

Reaction6l is one of the most important reactions in
acetaldehyde chemistry. This one and the CH3CO * CH3 + CO
reaction compete each other for CO production. As Warnatz
describef3that the further rate measurement is necessary for this
reaction*~, it still has un<ertainties. The pre;ﬁgtly obtained
ratf§ are rather close to that of Browne et al. and Dean et
al. than that by Bowman.

Reaction 5 becomes more important for lean mixtures than for
rich mixtures. The rates of ghis reaction for high temperatures
are obtained only by Colket” with uncertainties. The normal
sensitivity coefficient of Reaction 5 is one order smaller than
the largest sensitivity coefficient in the same system. In other
words, the obtained rates have a large uncertainty since a large
frequency factor to adjust its rates does not affect the OH
concentrations.

The importance of Reaction 33 is dramatic in contrast with
the statement of Bowman that the CH3+0,- CH,0+OH reaction is more
important than Reaction 33. Instead, the sensitivity analysis
for O-atom clearly discloses the higher importance of Reacticn
33. The rates presently obtained are the same as obtained by
other shock tube research.

Reaction 3 has also a large uncertainty in its rates, but
the present result must be impnrtant since these data decrease
the uncertainty at high temperatures. As seen in Table 4, this
reaction becomes less important for richer mixtures, but still
important for lean mixtures regarding both O-atom and OH~
molecule.

The calculated values for 0O, CO, and OH concentrations
using the newly obtained mechanism agree with the experimental
data shown in Figs. 6, 7 and 8. The O-atom concentrations are
explained well by the computed values. Fig. 6 shows an order of
magnitude difference in O-atom concentrations between the
stoichiometric and rich mixtures. The results for CO-molecules
diverge a little, but the computational results agree with the
experimental data.

Fig.8 shows the OH ultraviclet emission data. The
computational results agree at high temperatures. but not at low
temperatures since the pressure effects become large.

It is concluded that the proposed mechanism can predict the
acetaldehyde/oxygen mixture combustion at high temperatures.
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Table 1} E3/02 reaction mechanism (Unitsicc~mole-cal-K-zec)
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Schematic diagram of the experimental setup.
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TABLE 5 Acetaldehyde oxidation mechanism {units:cc-mole-sec-kcal)

Reaction log A n Ea Referance
1 CH3CHO=CH3I+HCO 16.15 0.0 85.80 Hayashi et al.{1985)
2 02+CH3ICHO=HO2+CHICO 13.30 0.5 42.20 Colket (1977}
3 O+CH3CHO®QH+CH3CO 13.30 0.0 2,30 This study
4 RO2+CH3CHO=H202+CH3CO 12.08 6.0 10.70 Colket (1977}
5 OH+CH3ICHO=H20+CRICO 14.00 0.0 4.24 This study
6 H+CHICHO=H2+CH3CO -4.23 5.6 1.36 Colket {197%5)
7 CH3I+CHICBO=CHA+CHICO -7.22 6.1 1.72 Colket (1975)
8 CH3+CH3CHO=CH4 +CHZCBO  -0.26 4.0 8.28 Colket (1975)
9 CHICO=CH3IO 13.51 0.0 17.24 watkins & Word {1974)
10 CH3IO+M=CH20+H+M 13.70 0.0 21.00 Brabbs & Brokaw (1975)
11 CHIOHU2®CE20+BO2 11.00 0.0 9.93 Engleman (1976}
12 CH3O=H+CH20 13.95 0.0 30.00 Gray et al. (1967}
13 CH20+MwHCO+H+M 14.00 0.0 36.74 Dean et al. {1980}
14 CH20+CH3I=HCO+CH4 10.00 0.5 19.00 Colket (1977)
15 CR20+8=HCO+H2 14.52 0.0 10.50 Dean et al. (1980)
16 CH20+OH=HCO+H20 12.88 0.0 0.17 Atkinson & Pitts (1978)
17 C2H6+QwC2H5+OH 13.40 0.0 6.36 Herron & Huie (1973)
18 C2H6+OH=C2RS5+H20 13.04 0.0 2.45 Grexner (19873}
19 C2RE6+H=HZ+C2HS 2.7 3.5 5.20 Clark & Dove (1373)
20 C2H6+CHI=CH4+C2HS -0.26 4.0 8.28 Clark & Dove (197))
21 C2H5+02wC2H4+HO2 12.00 0.0 5.00 Westbrook (1979}
22 C2HS=H+C2H4 15.30 0.0 30.00 Oison et al. {1%7%)
23 CR4+MwC2HI+H2+M 17.4) 0.0 79.28 Hartig et al. (1971}
24 CIHA+M=CRHI+H+M 17.58 0.0 98.16 Baldwan ec al. (1970)
25 C2H3I+M=C2H2+H+M 14.90 0.0 31.30 Herron (1969)
26 CHA+M=CH3I+H+N 17,15 0.0 88.40 Jaiiner ev al. (1976)
27 CR4+H=CHI+H2 14.11 0.0 11.90 Skinner et al. (1372)
28 CHA+O=CHI+OK 13.30 G.0 9.20 Brabbs & Brokaw (1975)
29 CHA+QH=CHI+H20 .54 3.1 2,00 Shepp (1936)
30 CH4+HO2=CH3I+H202 13.30 0.0 18.00 Peeters & Hahnen {13973}
31 CHI+02aCH3IOHO 13.38 0.0 29.00 Fenimore (1969)
32 CHI+CHI=C2H6 13.3¢4 0.0 0.00 Tunder et al. {1967)
33 CH3I+O=CH20+H 14.00 0.0 2.00 This study
34 CHI+OH=CH20+U2 12.60 0.0 0.00 Just et al, (1%377)
35 CHI+HCO=CR4 +CO 11.48 0.5 0.00 Banson & Haugen (1967)
36 C2HAMHU=C2HI+H2 .18 2.0 6.00 Westbrook et al. (19376)
37 C2H4+0=CHY+HCO 12,82 0.0 1.13 Davis et 3l. (1972)
38 C2K4+0=CH20+CH2 13.40 0.0 $.00 Westbrook et al. (1982}
39 C2H4+OH=CHI+CH20 12.30 0.0 0.96¢ Westbrook et al. {1382}
40 C2HA+QH=C2HI+H20 12.68 0.0 1.23 Westbrook et al. (1982}
4} CH4+C2He=C2HI+CINS 14.70 0.0 64.70 Benson & Haugen {1967}
42 CIH2+02=HCO+HCO 14.06 0.0 138.00 Gardinsr & Walker (1968}
43 CHI+H=C2HH2 14,30 0.0 19.00 Browne et al. (1969}
44 C2R2+0mC2R+OH 15.51 =0.6 17.00 Srowne ev al. {19693}
43 C2H240«CH2+CO 13.83 0.0 4.00 Vandooren & Von Tiggelen (1977}
46 C2H2+0H=C2H+H20 12.78 0.0 7.00 Vandooren & Von Tiggelen (L977)
47 CZH2+M=C2HI WM 14,06 0.0 114.00 Jachimowski {1977}
48 C2H2+OH=CHI+CO 2.08 0.0 0.50 Smath § aiiner (1910
4% C2H+02=HCOHCO 13,00 0.0 7.00 Drouns ut al. (1969)
50 CIH+OsCHCO 13.70 0.9 0.00 Browne et al. (1969)
$1 CR2+02wHCO+OR 14.00 0.0 1).70 Benson & Haugen (1967}
$2 CHZ+H=CH+H2 1143 0.7 25.70 Mayer et al. (1967}
$3 CH2+O=CH+0H 11.238 0.7 25.00 Mayar ev al. (1967
S4 CR2+0H=CUH+H2D . 11,43 0.7 25.70 Pesters and Vicker (197%)
53 CH+O2=HZO+O 13,06 0.0 0.00 Jachimowski (1917
$6 CH+02=COtOH .11 0.7 25.70 Peetars & Vicker (1975}
37 CorOHmCO2+R 1.11 1.3 =0.77 Bsaulch & Drysdale {1974}
48 COrHO2=CO240M 14,00 0.0 23,90 Bsldwin et al, (1970}
$9 COPrOIM=CO24R - 15,48 0.0 4,10 Samonaitis & Heicklen (1974}
6Q L02+0#CO+02 12,43 0.0 43.8) Gardiner et al. (1971}
61 BCO+HeH¢COWM 14.0¢ q.0 19.00 Westbrook et al. (1977}
62 HCQHQ2wHO2+CO 12,32 0.3  7.00 Westbrook et al, (1377)
63 HCO+RCO+N2 14.)0 0.0 0.00 Niki et al. {1969)
84 HCO+0aCO+OU 14,00 0.0 0.00 Wwesteannarg s de Haas (1972}
S HCO+Ol=CH2040 14.00 0.0 3.00 Baldwan & Walker (1973}
66 HCOLOHwCO+HZO 14.00 0.0 0.00 Bowman (1970}
§7 H2+QeH+OH 10.28 9.0 8,90 Baulch et al. (1813}
§8 02+M=OHOMH 15.71 0.0 115.00 Jankins at al. (¥967)
69 HeQ+MmQHIM 16.00 4.0 0,00 Moretti (196%)
70 HI+Mwii+HeM 4.3 0.0 96.00 Baulch et al. (1973}
71 HeO2=OH+O 4,34 0.0 16.80 Baulen et al. (197))
712 R+02+HuilO2+K 13,81 0.0 =1.00 Baulch et al. (197))
73 HO2+H=OH+OR t4.40 Q.0 1.90 Baulch at al. (197))
74 HO2+0eQ02+0H 13.70 Q0.0 1.00 tloyd (1974)
79 HO2+HmHI+02 13.40 0.0 0.70 Baulch st al. (197))
76 HOZ+OH=H2O+OL 3.7 0,0 1,00 Lloyd {1974}
77 ROI+CHI=CHIOON 12.30 0.0 0,00 Colker {187%)
78 HQ24CHI=CHE+02 13.30 0.0 0.00 Skinner st al, (1972)
79 HIO+U=H+QH+R 15,34 0.0 105.00 Baulch et al. (197D)
80 HO+H=HZ+OH 13.98 0.0 20.)0 Baulcn et al. (197))
81 HI0+0=OH+OH 13.83 0.0 18.)% Bauleh et al. (197))
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CHEMICAL KINETICS MODELING OF THE INFLUENCE
OF MOLECULAR STRUCTURE ON SHOCK TUBE IGNITION DELAY

Charles K. Westbrook and William J. Pitz
Lawrence Livermore National Laboratory
Livermore, California 94550

Abstract

The current capabilities of kinetic modeling of hydrocarbon oxidation
in shock waves are discussed. The influence of molecular size and
structure on ignition delay times are stressed. The n-paraffin fuels from
CHg to n-CgHyo are examined under shock tube conditions, as well as
the branched chain fuel isobutane, and the computed results are compared
with available experimental data. The modeling results show that it is
important in the reaction mechanism to distinguish between abstraction of
primary, secondary and tertiary H atom sites from the fuel molecule. This
is due to the fact that both the rates and the product distributions of
the subsequent alkyl radical decomposition reactions depend on which H
atoms were abstracted. Applications of the reaction mechanisms to shock
tube problems and to other practical problems such as engine knock are
discussed.

INTRODUCTION

The analysis of shock tube experiments often involves the use of
detailed chemical kinetic reaction mechanisms. Shock tube ignition delay
time measurements and their variation with temperature, density, and
composition provide essential tests of reaction mechanisms for hydrocarbon
and other fuels. Numerical modeling studies are now using these reaction
mechanisms, tested agaiast shock tube experiments, to examine the
structure and other properties of gaseous detonation waves, engine knock
in internal combustion engines, and other practical combustion systems.

In a particularly well formulated study, Burcat et al.l examined the
shock tube ignition delay of a series of n-alkanes from methane to
n-pentane, in oxygen-argon mixtures which were chosen to approximate
Jart-air mixtures, The general conclusions of this work were that methane
haa a much longer ignition delay than the other fuels, ethane had a
slightly sihu*er delay period than the other fuels, and the other
n-alkanes ali had very similar ignition delay times. The present
numerical modeling study was intended to simulate the experimental study
of Burcat et al, and interpret the results in terms of the elementary
chemical kinetic steps which control the overall rates of reaction.

NUMERICAL HODEL AND REACTION MECHAMISM

The detatled reaction mechanism ussd in these computations was based
on the previous mechanism for n-butaneé, which has been tested

extensively against experimental results for a variety of conditions. The
mechanism was extended to include n-pentane, assuming that the rates of
primary and secondary H atom abstraction in n-pentane are the same as in
propane and n-butane. The decomposition reactions of the pentyl radicals
were assumed to follow the “"one bond removed* rule of Oryer and

Glassmand, leading immediately to C3 and Cy radicals and olefins.
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Subsequent reactions of these C, and C; species have been tested
extensively in the mechanism. An additional fuel, not considered in the
experimental study of Burcat et al., is the branched chain species
iso-butane (methyl propane), an isomeric form of butane. The interest in
branched chain hydrocarbon fuels was motivated by the experimental fact
that straight chain hydrocarbons tend to ignite more rapidly than branched
chain fuels with the same overall composition. No shock tube ignition
delay data were available to test the model predictions for iso-butane,
but the mechanism for iso-butane oxidation has been tested against
experimental data in the turbulent flow reactor® and should be

reasonably accurate under shock tube conditions. It is also well known
that branched chain hydrocarbon fuels tend to be more resistant to engine
knock in internal combustion engines, so the applications of these
reaction mechanisms to practical situations also tend to validate the
model predictions.

The ignition delay calculations were carried out using the HCT
program5, assuming constant volume in the gaseous mixtures under
reflected shock wave conditions. The vartations in shock tube ignition
delay times for methane, eghane. and propane have been examined in
previous numerical studies®s/, and the present mechanism reproduced the
past results for these fuels. Results of modeling studies of the
oxidation of n-butane¢ were incorporated into the present reaction
mechanism, and further extensions to n-pentane and iso-butane were also
included into the reaction mechanism®,

RESULTS

The detailed chemical kinetic reaction mechanism was able to reproduce
the observed ignition delay times for all of the fuels_which were studied
experimentally. The post-shock density was 3.54 x 10~3 gm/cmd for
each mixture, and the ini%ial temperatures were varied from 1150 K to 1700
K, except for methane, where the initial temperature ranged from 1500 K to
about 1900 K. Computed results for methane and ethane (and for mixtures
of methane and ethane) agree very well with experimental resultsO,

Results for the methane mixtures are shown in Fig. 1, and results for
ethanc and mixtures of methane ang ethane are reported in Reference 6.
Computations presented previously’ showed that the ignition of natural
gas, which contains small but not negligible amounts of propane together
with methane and ethane, could also be simulated well with the present
reaction mechanism. Computed results for propane ignition werc presented
in earlier work’, and the predictions are compared w'th experimental
resuits of Burcat et al. in Fig. 1. Finally, comparisons between
experimental and computed resul.s for n-butane and n-pentane are
summarized fn Fig. 2. Also shown are the computed results for ignition of
iso-butane, showing that the ignition of iso-butane is distinctly slower
than the ignition of n-butane or n-pentane,

The overall conclusion of these comparisons between experimental and
computed results is that the numerical model is accurately reproducing the
experimental data for all of the fuels studied. Furthermore, the model is
alse indicating that iso-butane has a significantly longer ignition delay
period than eithar n-butane or n-pentane. Although there are no
comparable experimental data for comparisen, the conclusion is that the
numerical model and detailed reaction mechanism adequately reproduce the
available experimental data.
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For each fuel, the variation in ignition delay period can be traced
directly to the detai]s in the reaction mechanism. The case of methane
has been studied extensively and can be summarized here very briefly.
Every methane molecule eventually produces a methyl radical; these
radicals are very difficult to oxidize further, particularly since
recombination of methyl radicals to produce ethane

CHy + CH3 = CoHg
is very important. Because of this recombination, methane oxidation and
ignition is not really typical of the ignition of most simple hydrocarbon
fuels. In the case of ethane, all H atom abstraction reactions preduce
ethyl radicals, which subsequently decompose under shock tube conditions
Colg + M = CoHy + H + M
to produce H atoms. These H atoms then car react with molecular oxygen to
provide chain branching through the reaction
H+ 0 = 0+ O0H .
Therefore, ail H abstractions from ethane lead to chain branching,
explaining why ethane ignition is faster than all other n-alkanes.

For all of the higher hydrocarbon fuels, distinction must be made
between different H atom sites in the fuel molecule. For propane, the two
types of propyl radicals which can be produced are the n-propyl radical,
which leads primarily to methyl radicals and ethene

n-C3Hy = CHy + CoHy
while isopropyl radicals lead to propene and H atoms
i-C3ly = (C3Hg
Since the methyl radicals 1ead to ethane formation through the reaction
Ciy + CH3 = Calj
while H atoms lead to chain branching, it is clear that production of
n-propyl radicals leads to retarding of the rate of ignition while
production of iso-propyl radicals provides overall acceleration of the
rate of ignition. Therefore, the key to describing propane ignition is
the description of the relative rates of primary to secondary H atom
abstraction reactions.

In similar terms, the ignition of n-butane and n-pentane can also be
shown to depend on the relative rates of primary and secondary H atom
abstractions. 1In the case of n-butane, abstraction of a primary H atom
leads to the production of H atoms and chain branching through

D~C4H9 n Calg Cz“s
= (oHq +
while the abstrac ion of a seconda:y H atom leads to chain termination
s-Cqlg = CHy + C3Hg
In the cas: of n-pentane, a new element appears ANl of the secondary H
atoms are not the same. The abstraction of a primary H atom leads to
p-Csiyy = CaRg « n-C3Hy
n-C3Hy = CpHg + CHj
and chain termination. MHowever, the abstraction of an H atom attaches to
a <econdary C atom leads to
2-CgHyp = C3lg + CoHg
+ H
and chain branching, while %he abstraction of a symmetric H atom leads to
3-CgHyy = 1CqHg ¢ CHy
and chain termination. Therefore, the rate of chain branching depends
very sensitively on the relative rates of H atom abstraction from the
parent fuel molecule at each H atom site.

289
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The same trend applies in the case of iso-butane. There are nine
identical primary h atoms in iso-butane. At the elevated temperatures of
shock tube conditions, the dominant reaction is the abstraction of a
primary H atom, although at lower temperatures the abstraction of a
tertiary H atom is most important. After abstraction of a primary H atom,
the alkyl radical decomposition is primarily

i-C4Hg = C3Hg + CHy
which results in chain termination. Only the t-butyl radical leads to
chain branching through

t-C4Hg = 1i-C4Hg + H .
However, at the temperatures encountered in shock tubes, the production of
isobutyl radicals is strongly preferred. The strong degree of chain
termination which is the result of production of isobuty! radicals
explains the slower rate of ignition for iso-butane.

Two practical combustion problems can be related to the rate of
ignition of fuel-oxidizer mixtures under shock tube conditions. The first
of these concerns thc ignition of fuels in detonation waves. Previous
modeling analysisl0 has shown how shock tube ignition delay times can be
related to detonation properties including detonation Yimits, critical
tube diameters, and minimym energy for initiation of detonation.
Overall, these results indicate that branched chain hydrocarbon fuels
should be less detonable than their straight chain counterparts.
Specifically, methane is predicted to be much less detonable than the
other fuel-oxidizer mixtures, which is certainly well established
experimentally. 1n addition, the detonation parameters of the other
n-atkane fuels are predicted to be very similar to each other, also in
agreement with experimental observations., Although not available for
comparison with experimental results, the model predicts that iso-butane
mixtures should be less susceptible to detonation than the n-alkane
mixtures.

The second application area in which ignition calculations are of
particular interfst is that of engine knock. In previous modeling studies
of engine knockll.12, it has been shown that the rate of ignition of
fuel-air mixtures at elevated pressures can be related to the
susceptibility of a mixture to engine knock. It is well known that
straight chain fuels are more 1likely to knock than are branched chain
fuels, and the present reaction mechanism indicates that these differences
are due Lo differences in the product channels for the alkyl radicals
which are produced. At the elevated pressures encountered in knocking
engines, H atoms produced from ethyl radicals do not decompose into W
atoms but rather react with 07 molecules to produce HOp radicals.

These radicals then react further with the fuel to pr05uce H202 which
then decomposes further to produce two OH radicals
Hp02 ¢+ N = OH « OH » N .

The result of this sequence is a net production of radical species and an
increase in the rate of fuel oxidation. At the high pressures which are
typical of engine knock, the production of HOz is preferred in
comparison to the chain branching reaction pruducing 0 + OH, and the rate
of fuel oxidation is more sensitive to variations in the abstraction of H
gsoms bydugg than the abstraction of H atoms by other radicals such as

. Hand 0.
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CONCLUSIONS

The reaction mechanism which has been developed in earlier modeling
studies has been shown to be applicable to the shock tube ignition of a
family ov hydrocarbon-air mixtures. This mechanism correctly reproduc?s
the observed shock tube ignition delay times reported by Burcat et al.
for a fairly wide range of hydrocarbon fuels. Since the mechanism has
been so extensively tested for hydrocarbon ignition, it can be applied to
other studies of shock tube ignition of fuel-air mixtures. Even more
important, these reaction mechanisms, validated through comparisons with
shock tube experiments, have been shown to be applicable to a variety of
important and practical combustion environments. The shock tube data
therefore provide an essential means of testing detailed reaction
mechanisms under coditions that are impossible to achieve under other
conditions. The relationships between shock tube conditions and
detonation phenomena and engine knock problems make the study of shock
tube phenomena of particular importance, and the presenu paper outlines
the essential elements of these reaction mechanisms. Extension af the
present formalism to more complex fuels should be very straightfo