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Abstract:

A study wés made of the formation of a shock wave by a solid
accelerating piston. No weak shock assumption was madeﬁ a thepret-
ical solution using.the method of characteristics for a perfect gas
showed that & complex wave system exists and that the compressed gas -
‘can have large gradients in temperature, density and entropy. FEx-
periments werelperformed with a piston tube where piston speed, shock

speed and pressure were measured. The comparison of theory snd ex-

periment was good.
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CHAPTER I
. INTRODUCTION =

Background snd Objective of This Study

~ The formation of a shoekfwave 1s.important in several
- practical flew problems._ Shock waves are formed 1in shoek
lltubes by breaking a diaphragm or by formlng an aceelerating-'
flame front which results in a detonation wave. In some
sltuations the shock formation may eceur over a signlfleant
pertion of the total flow time and therefore have a signif-'
u‘.icant effect on the flow. In one type of hypersonic test
'facility the test gas is created by an accelerating pistonr |
The manner in which ‘the shock 1s ultimately formed, ‘and
- deviations from the desired process are very 1mportant in
Vcreating an acceptable test flow. Halll-and Stoddard2
.‘diseuss such a frEe;plston hfﬁersenie wind tunnel. A third
' application is the equivalence of unsteady one—dimensional
- flows to steady two-dlmensional flows. This eauivalence ‘has
a mathematical fcundation for hypersonic small-disturbance
thecry and can be used as an analogy for other flows,

Shock formation over some significant tube length 15
not as elementary a problem as one mlght 1n1t1ally'sﬁppose.
The 1nf1n1tesimal comoresslon wavelets created by the piston

will merge together as they travel down the tube, since. the

1 .



‘absolute speed of'each succeeding ﬁsvelet 1s greater fhah
that of‘the wavelets ahead of it (wavelets are distinguished :
 from waves in that a finite wave 1s inmagined to be mede up
ef many 1nfin1tes1ma1 wavelets) As the wavelets merge, the
gradlents of temperature, pressure, and velocity steepen and
a shock wave fofms. However, a-Sheck wave doeg not sompress
the gas to the same state as a serles of compression wave-
lets does prior to merging since the 1atter is 1sentropicﬁw
hereas the shock is not Thus an eXpansion wave must move
from the nmerging location in the opposite'direction of the
shock motion. | ' |
_-A second feature whish complicates'the flsw petterh 1s
B the growth of the shock strength: This growth results in
shocked gas with an entropy gradient, and therefore temper-_
ature and density gradlents, The entropy gradient also
causes reflected wsves-when-sny~wavefsystem passes through
The objecfive of this study 1s to determine the charac-
Iteristics of the flow field which_iesult when g sheck wave
forms in front of a continuously eccelerating pistoh fthough
the acceleration may vsry'wlth tiﬁe}.- A solid pistoh is
- assumed to accelerate from.rest aiong a constsnt afea tube
~which 1s initially fllled with a uniform honreactlng gas at
rest. The study is not restricted to weak shocks; however,
- the flow downstream of the shock wave 1s considered fric-

tionless, adiabatic and one—dimensional. The gas 1s assumed‘



‘to be a perfect gae, that 1is, thermally and caloricallv
‘perfect _ |

Both a theoretical and experimental study is made of
fhe shock wave formation problem. The theoretical and |
'experimental methods used will be described after the 11ter—‘

ature survey has been discussed, e

Iiterature Survey.

The first general solution to the shock formation
'problem, for a weak or "moderate strength“ shock wave, was

3,4 The basils cf this treatment is the

glven by Friedrichs.
'assumptlcnrthat the entropy and appropriate Riemann rariacle
do not chanse acrcse the shock,-so ﬁhat the reglion behind
the shock contalne a simcle wave, The sclution gives the
-shock nath and the shcck strength 1n terms of pressure,
velocity and speed of sound increase. Pillow5 gave,a
silmilar treatuent for a'reak‘shock._ Ieconsky and Eurich®
\perfcrmed'experlments which reasonably well verified the'
weaklshockrtheorv of-Friedrichs. The shock path and veloc—
ity were measured and compared to the theoretical values.
Their maximum shock-pressure_ratio based on measured shock
Avelocltlee_wae 1.73. L |

Friedrichs'alsc treated.the case of an'instantanecuely_
created shock fcllowed by an excansion wave from the pistcn
which Is decelerated tc zZero velccity. Although this_

decaylng shock_problem 1s not the same as the shock -



.formation problem, a verificatioh of-Friedriehs' treatment
bx Lighﬁhill? glves additional insight into the shock forma-
‘tipn problem; Sy a conservation of'energy analysie, . _
Idghthill showed that Friedriehs' theory is sound, but tﬁate'
higher order errors are due to the neglect of waves which
‘are reflected back.from‘the shock wave, This enefgy
approach will be discussed in Chapter 1I. | ) ‘

Shunk8 has made the only attempt to study the nature of-'
the formation of a strong shock, that is a shock wiﬁh an
'entropy.increase seilarge that 1t can not be neglected.
Shunk made soﬁe progress by shoﬁing that weak shock theory
did not coﬁpareifavorably with'experiment‘for a strong shock.‘
He also theoretically justlfied that an expansion wave must -
-~ be reflected from the shock as the compression waves merge
(Shap1r09 also justified the existence of this expansion
wave ), Hewever, Shunk?*s theory involved so many approxima-
tions that the'resuits=are queetionabie as to accuracy and
eompleteness. Purther clarification is needed of the'phys—
ical reqeirements for reflected.waves, the entropy,gradienﬁ
effect on these reflected waves and the neture of the result-
ing flow. B | |

" Shunk's experimental verification of his theory 1s not
convincing.~ It involved just one case where only‘the dens-
ity was examined, and ﬁes baseduon.the fact that his theory
-compared more fevorably with experiment than an 1sentroplc

theory. The present author does’not feel that such a



comparison verifies the features of the flow since it is
expected that g theory 1ﬁvolving a shock wave would always
bé superior fo an isentfopic_theory. |

| Mdrett}zé also studied shock formation due to an
accelerating piston. His emphasis was on the mathematical .
techniques with minor attention paid.to the phyéics of the
problem, o o | ‘W
| -‘Sevéral pilston tube.studies have been made where the
main objective "has been‘to-analyze_the performance‘of a
facility and not to analyze shock‘fbrmation.lo'lu In Refer- .
Hencés 11 and 12 isentropid flow was assumed while in 10 én
1hgenious method equivalent to hypersonicltanéent-wedge

_ theory was developed. In References 13 and 14 the flow
resulting from the multiple reflection of a'shock'befweén'al
_moving ﬁiston and an end wail was studied. Enkenhusl3 used
'_‘the approfimatioﬂ mentioned fo} Reference 10 for the primary

14

and first reflected shocks, and Humphreyl™ utilized the

méthod of ¢haracteristics. Although Humphréy apparently
obtained an accurate éolution:of the-shock formation, there
18 no analjsis of the results. .Due to the step by step '
nature of the method of characteriétics,-if care 1s not

| -taken, i1t is possiﬁle to obtain resuits which_gi#é an
1ncofrect‘physicé1 ﬁicture.; There'1$-not'enough.det311 in
the report or:its referénces to assess wheﬁher or not thé

= solution.is entirély'correct. However, one experimental -

shock path.for a weak shock was compared with theory and .



gooﬁ agreement was obtained (maiimﬁm shock pressure ratib
in region'df comparison was about 1.5). |

. In summary, a stu&y oflﬁhe literature shows that e
Aalthough,the tools'for-analyzlng shock wave formation have -
~ long been available, nb rigorous.ahalysis has been made for

a strong shock wave, T o

Theoretical Considerations

lTwo types of wavelet mergers will be examined. Oneﬂis_'
a speclal case where all the wavelets merge atxonceiand 1377
called a focused wave. The other is a more generai case
where the wavelets merge one after the other and is 6alled‘a
dispersed wave. An example ﬁroblem is worked out for each *
of these waves. These example ﬁrobleﬁ$~arerreferred to as
Cases Irand ii for‘the‘focuéed wave aﬁd the dispersed wave
tespectively. S

When viscosity and heat 6onductidn are neglected, thef_
one-dimensional unsteady flow created by an accelerating
piston lg governed by H'ue following eﬂun+1 ons for the con-

- ~servation of mass, momentum and energy

dp | du AP -

ot + 85 3x tY Sx— =© (1)
o DU + ¥ BU 4 ‘é-P. -___.O L .'2' :
5) Q‘t j> - ..37(_ f— "g(,).
Ds = | Ss | 3s  '*;cj

Dt T 9t +U EE o



‘whéro s = s{ﬁ,?) is,the-entropy'por unit ﬁass, p,j;,.u are

‘pressure, density rand' flow or portical velocity, 'and x,t ai'e‘

‘distance and tinme, These equations oomprise a Set'of |
| ooupled.quasi;linear partial differential equations of the  jf

;first order. - - o R
| The boundary conditions used in this study are piston
-i:oosition as a function of time, a uniform stationary gas

“anead of the piston at t = 0, and an impermeable piston.

For the special case of s = constant and disturbances

4moving in only one direction, a closed form solution of |
t3these equations is possible (an example is the Tocused wave
prior to merging). But for the general case of nonsteady
flow in a region where disturbances traoél in both direc-

.gioné (dispersed wave), no exact closed form'solution“
'uexists; although approxiﬁate anolytioolisolutions are poss-
ible, such as Lighthill's solution. - | |

_ Two mathematioalrteohniques'héve been_appiiéd by

various authors to obtain a general solution of the_piston
-probiem. .These techniques are'self-similar solutions and
the method of oharacteriétics. The.self-similar approach
has been 1argoly developed in the Russian literature (see.
Hayes'and Probsteiﬁ15-and Chernyils)} When this approach 1sj:
used to study the oontinually accelerating piston case, a
strong shock must be assumed and certain approximations
introduced. But even in this case, ‘the problem is

- restricted to a power law piston path of the form



T
T
where C is a constant and n is any constant other than -1.
| -In order to investigate the usefulness of this power
law piston oath, several- piston paths were calculated by
using the method of chareoterietics with assumed driver and
driven tube pressures-and piston mass. For each of the
resulting paths, an attempt was made to find a value of n
“which would deseribe the path; hoﬁever, it was found that
the value of n varled along the path. Due_to this diffie
culty, and the approximate nature of the solotion, and'the
greater flow detail provided by the method of characteris-
tics, the characteristic approach was chosen for the |
theoretical analysis. Most of the develooment 1s based on

the techniques described by Budinger.l7 although Owczarek'

method1® was also used.

Experimental Considerations

An experimental program was undertaken in order to
obtain some verification of the ‘theoretical analysis.‘ A
"'piston tube was designed and built. ‘It consisted of hb'feet
"_of stainless steel tubing-divided into driver, driven'end'

"brake tubes by Mylar diaphregms. fhe.driver section was-
”"pressorized with.air until the diephragm broke; ‘Then this

"fhigh,Pressure air caused a piston to be accelerated into the



g
low pressure alr of the driven tube. In th1s'tube, méésure-
ments wére made of the pressure_andfof the time for the 
piston to'travel between certain stations. The final sec-
-tion'of the tube was a high pressure brake tube used to .
dgcelerateqthe piston. | )

Shock Mach numbers as high as 1.6 were Qéhieved.
Experimenfal measuremehts of the pressure and the shock
path (in the time-distance plane ) were compared tc the
theoretical prediction of these_qﬁantities for two cases,
These cases are called Cases III and IV, 'The theoretical
solution used in these comparisons was based on an expéri-

mentallj'measured piston path. -



'CHAPTER 1I
FOCUSED COMPRESSION WAVE

Although there .are various ﬁays in which the infini-
‘tesimal wavelets of & compression waveé can merge, only the .
special case when all wavelets merge at one point in the
tube w111 be discussed 1n this chapter. This focused wave .

case 1s the logical staxting point in a study of shock form-
.ation since 1t has many of the baslc features of the
dispersed case, but 1s muchreasier to solve. An example is
worked out to establish certain features of the shock forma-
tion precess and to use as en'approximate,check on the
dispersed wave_ease'whieh will be worked‘ou£ in'the hext

' chapter. Then a closed form solution is found which deﬁon--
stfates.ce:tainmfeatures'oflthe.flom; .This.solution is
followed by a'discﬁssion of sheck-formation from a conserva-
' 'ftion ef energy viewpoint. Finally, the various conclusions
are;eummerized and examined. l | |

- In 211 cases consldered;'the initial gas state is
'motlonless with a pressure and speed of sound of Po» ao.
The tube 1s constant area. A thermally and calorically

perfect gas 1s assumed.

10



11.

Possible_ComDression Wave Patterns

" As the piston eccelerates from rest, infinitesimal
wavelets are sent 1nto'the gas ahead. Since these are
compression wavelets, each‘succeedingrwavelet travels faster
theﬁ the erecedingione; and thus all of the wavelets will
. eventuaily eombine into e single thih region'or front knowh
as a ehock wave. However, the menner in which these wave-
lets merge depends on-the piston path.u In the most generai
‘case; one or more individual shocks could form between'ﬁhe
‘plston and the front of the wave. Laponsky and Emrich6
‘experimentally observed a cage wherela'shock formed 1ﬁ the

1nterior of theﬂwaﬁe. 'A theereticel analysis-showed thatla
second shock also formed at the head of the wave, but it Was
jtoo weak to be measured. Theoreticalfpredictions of this
‘phenomena are reported in References-j; 5, and 19. Another
possibility for a dispersed wevelis that the shock forms at
_the heae of the simple‘compression wave, This dispersed
~wave 1s the subject of. Chapter III and is shown in Figure
ia.' | o

The third possibility is that none of the wavelets

merge until they all merge at once. This is called a
_ focused or centered wave (References 9, 18, and 20) and 1s

partlcularly easy to analyze because prior to merging there'

" is no shock.wave present to causge entropy changes. The

process prior to. merging 1nvolves 2 simple wave and can be

considered 1sentropic in the same way that a centered



Ca2

expansion wave can be considered 1sentr0p1b.' A focused wave

1s shown in Figure 1b, | B

Solution For Case 1

~Case I is an example of a focused wave where the pistdn
accelerates to. a velocity.ofcuvp = 1,578 and continues :
thereafter with a constant,velocity.,'The'solution for Case

I s shown in Figures 2-4, _Before:the solution for Case I -

.'-1s_discussed, however, cértain physical features and new

vieWpdints cbncerned_with the focused wévé will be consid-
ered. | | | |

~ During the period before the waveleté have merged,
velocity, pressﬁre and‘temperéture gradieﬁts in a comprés-
sion Wéﬁe.are usually 1oﬁ enough that, to a good approxima-
tion, there is no production ofzentfopy. "However, thére'may
 be cases when the assumptioh of Ds/Dt = 071s not good.
”Considér’for'examplé“thefcase*or-an“nhderground tubular
transportion system. Such a device‘will haﬁe‘é very loﬁ
agcceleration, Ap, and thb*ﬂfcre +he distarce'necessa“y for
shock formation, xp, will be very large (proven in next,
~ section). Thus it 1is not difficult to imagine that a
ﬁ:condifion could arise where the wavelets could merge close
_ enough to each other tq'cause steep gradients but not close
'enoﬁgh tdgéther to form a steady shock wave, and that this
condition could exist for a significantly long time.‘

Theréfore, a significant portion of the gas would haveuén';
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‘ entrooy intermediate between that of the earlier isentrop- J
lcally compressed gas and the later shock compressed gas,
This intermediate*flcw 1s very difficult to analyze because-‘f
-1t 1s both unsteady and viscous and heat conducting,
‘Therefore, neither the isentropic unsteady simple wave
equations nor the steady shock_wave eguations apnly.
Approaches to thls problem are 1ndicated by Iiepmann snd
Rcshko,21 Shapiro,9 Qwezarek, 2k, 25 and Moretti. 27 .

: In the above sense a compression wave differs from an'
expansion wave because the steepest gradients exist in an
expansion wave for Ap'= as(cenfered wave), and even in this .
- ease the wave can be assumed isentropic because the steep
gradient lasts such a short ﬁime.' In this study the view
will be taken that prEVious.to nave-merging'the changes
* through the wave are isentropic. | | |

Once the waves merge, an initisi,momentary "discontinfo .
utty" exists. fhe gas on one side of the discontinuity is
assumed to have been isentropically conpressed and the gas

‘on the other side is in the initial state. However, the:

conservation equations valid across a gasdynamic discontin-"

uity show that there 1s an entrOpy increase. Thus an
*arbi trary discontinuity" exists. Zel'dovich and Raizer20
show that the subsequent flow must consist of shock waves,
expansion waves and uniform_flow regions.‘ Since a shock
wave‘travels in the.same-directioniss the,piston,.an

expansion will travel in the other direction, as can be - -
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determined from a pressure-veloeitj'df @’,QJ; plane analysis
(¢ ana U are dimensionless prSsure and velocity).
| The solution for Case I is obtained by use of the
. U plane shown in Figure 2. This figure shows very clearly
that the'isentropie cempression to a-giveﬁ'ﬁeint,.Z, does
not satisfy the shock equations. Polnt 2 is located by
 know1ng iﬁe fieal piston speed; To_satisfy-the,boundary.L
- condition acioss the entropy_discontinuity of equal_pres-:
-~ sure and velocity, e-weak expansion will occur elong fhe
line 2-3 (the expensioﬁ 18 weak compered to the compres-
eion).. Figures 3 and 4 show that the shocked ges has a.
higher speed of sound-(therefore ‘higher temperature and.
: cpmpressed and expanded gas."Thus a discontinuity in
density, teﬁperature aﬁd ehtfopyepersiste-and travelswdoﬁn-
etream. | | | 7 |
" Thus the study of the focused wave made in the liter-

ature has demonstrated.eome important aspects of the shock
wave formation prdblem.' First, when isentropic waves merge
into a nonisentropic shock a weak expansion wave is ‘
reflected back toward the piston. Secondly, even though |
‘the pressure and velocity approach uniform values, gradients,‘

~in entrony, density and temperature will nersist.
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Closed Form Solution

Due to the simplicity of the focused shock wave forma-

 t16n,_1t 1slposéible fo.obtainrcléséd form eﬁpressions for

Vthe piston path and the energy equation. 1In this section

the piston path will be obtained and some conclusions drawn

from 1t. Glass and Hall22 héve developed the equation for

the p1ston path in the x,t vlane. Since their forms for

‘ the.piston‘velocity aﬁd-acceleration are not convenient

?‘ones, new forms are presented here. For the sake of
completeness, the derivation of the piston path will be

| reproduced. | .

- The physical characteristics are the wavelet paths in
the x,t plane. 1In a simple wave the characteristics afe{
Straight lines and all flow variables are constant along
them, Thus froﬁ Figure 1b, the_absolute speed of a ﬁavelet
can be exﬁreSsed as _ | _

u+a = Xe =X | (5
te-t1 ,

- where xp,tp is the focus point. Alsoc for a right traveling
simple wave the Q Rlemann variable is constant giving
_ = —/——9da —V=—243 .
Q= 5 V=23, (6)
where'the,reference conditions are taken to be the un&is—
-turbed flow condlitions and.'K 1s the ratio of specific |

" heats, Solving Equations (5) and (6) for u.
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U= —2 | X=X _ g1
. : t“'.tr-' L

Equation (7) is wvalid anywhere.in'the flow field. To obtain ;@L

" the piston path or partiole path, set
LR .‘::.U = 2. ___1(__7}__5_ - a, (8
dat e t-te | -

This is a linear first order differential equation which can-.

'be solved by changing variables to ¥y = X - Xp, ¢»=rt - tp

and using an 1ntegrat1ng factor. The solution for fhé
pi‘ston is obtained by applying its initial. conditionsA
x1=£1_= 0. Th.e result 1s L B -

._.)5:!’.-:-| ._. ra l:‘b"‘“ ( )\Hi (l_i) '(9)
Ar B 2o SRS I:

" ‘where'xF = aytp was used. The piston velocity and acceler-

‘ation are ‘given by the first and second 'dér_ivatives of

| U+  g+|
L [( i+ :l | (10).
__iac._F' = x+| (l - ) ) X-H. an

Equation (10) can also be obtained by substituting Equation

Equation (9)

(9) into (7). Equation (11) gives a value for both xp and -
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tF when the initial nieton acceleration, Ap 43 1s specifled. -

Al — 2do
, ! té +l) tp .
. S0, the.t |
%, = at, = 235 (12)
(%4 Ag :

EquefioﬁscXQ), (10) and (11) demonstrate some of the,
.;physical features of the flow, ;First,,if the piston con- -
‘tinued to accelerate past typ, obviously the wavelets coﬁld
‘not reach xp at tp., All equations'demonstrate-this becauee
they are not valid for t > tp.  Also it would be expected -

.that ir a'wevelet were sent out near tp, iﬁ.would have to
travel ver&'fast to reach the focus point alohg with the-

| earlier wavelets. Equations (10) and (11) show this because
both plston velocity and acceleretion go . to infinity as

t—r- tp and

Equation (9} is derived by Glass and Hall;Z22 however, tbeir'
forms for piston veloclty and acceleration depend on X and

t instead of t alone. Hall1 correctly rlots pilston velocity

. and acceleration for ¥ = 1. h but does not give any equations
for these quantities.’ | _ _

| Equation (12) shows that the shcck_formetion point

‘1ncreases_as theeundisturbed:Speed-of sound increases. This
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is 1ogioa1 since if it 1s 1magined‘thaf the 1n&1v1dua1.wave-
lets are initially separated by some Ax andlmove toward
‘each other with some Au, then‘there will be a Ot before
they'mergef Ir thelweves move fast, they will travel a long
way in this At. Also the formation point increases ae the
initial piston acoeleration'deoreasoe. This also is logical
because it would be'expeoted that the Ax would be 1arger_

: for smailer Ap’i. Rudingerl7 has developed Equation (12)

for the case of a rilston with a constant acceleration.

Energy Analysis

Some auﬁhofs afgue the existence of waves reflected
'back toward the piston from the shock based on conservation

of energy. Although these studies are not of a focused ”
wave 1t 1s‘appropriate to mention the_results here.,

The conservation of energy\providee a2 somewhat differ-
ent vieﬁpoint"oflshock'formattonﬁthanfie-giveh by the pres-
sure-velodit& plane‘end the speed of‘soundavelooity plane
a“aljses. It is clear that a simple compression wave can
be created in an 1nitially moﬁlonless gas by an accelerasting
plston.: Therefore, in a simple wave, that is prior to the

‘.merging of any wavelets, energy conservation shows that the
-work done by the pistonlon phe gas must equal the energy

gained bﬁ the'gas due to the simple wave. A proof of this -
energj conservation for e fooused?weve wasg obtained in this

study and is presented‘in Avpendix A, Thus, it 1s olear,'
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that there is no raqaifement fof reflected waves prior to
wavelet merging., Altaough the ﬁroof has been made for a
focused wa#e; this energy conservation mustlbe true for any
type of simole compression wave, |
Frlédrichs3 studiéd an'instantaneously cféated shock

followed by a simple expansion wave as the pistan was |
"‘slowed to a stdp. The entire flow was assuﬁed isentropic.
‘Lighthill7 verified Friedrichs' theory by an energy
.apalysis; Lighthill compared the plston work to the energy
of the simple wave and found that they differed by a
'"resldual energy";l This is the energy in the region behind
the simple wave and is prOportional to the entropy gain |
there. In the Friedrichs theory the opressure and Speed of
sound'return to initial values. However, examination of the
,resldual energy showed that the average pressure behind the
simple wave 1s below the initial value and is due to'a wave
which 1s a reflection of the original simple wave from the
shock., | |

| In his study of the formation of a shock wave, ShunkS
states tﬁatrLighthill showed that the energy in = slmple.
wave 1s greater than the work done by the piston. There- o
_fore, Shunk concludes, an exnansion wave mugt be formed so
that its energy plus the energy of the original wave equals
the work done by the piston. Although‘this statement is
correct it should be emphasizéd that onlﬁ.when'the nan-

isentroplc process of a shock is present 1s a reflected.



‘20_'

' eipénélon necessary fo balance énergy."InJnghthill's case
" a shcék is always presenﬁ but 1ﬁ the shock formation case
there is always a perliod prior to wavelet coalescence when
- the piston work eguals the increase in energy due to a
simplé-wave. Only after coalescence do the conservation
flaws of fluid flow require an expansion to be reflected as
_shown earlier by the @ ,'W plane analysis.

An additional point needs to be made in connection with
I&ghthill's conclusions. The original slmple wave from the
:piston is an expansion, and.IAghthiil says tﬂ%t the reflec-
tion of this wave from the shock drbﬁS'the pressure behind
‘lthé éimple wave;_ Thus the reflected wave is aiso an expan-
 ‘.sion._.But this is not possible since the shock reflection
coefficient (to be discussed in Chapter III) is negative-so
that the simple eipahsion‘wave.must ﬁé,reflected from the
shock as a compression.7lThe explanation of “the pressure
drop behind the simple wave'may'bé as follows. The reflec~
tion of the simple'expansion wave from the entropy gradient
will be an expansion wave, These reflected ex@ansions'may
ovéfpoﬁer.the reflected compresslon waves (see Equation (39)

in Chapter III).

Summary of Conclusioné

As a pistdn_accelérates into initially motionless gas;
the gas'neit to the piston 1s compressed 1sentropicaliy_andr

the gas'some distance away ls compressed nonlséntropically, -
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- as fhe gradients 1nﬁvelocity,-pressure and temperature
sseepen and a shock wave forms. The fundamental difference
' between these two compressions is the magnitude of the grad-
'1ent3'and the eorresponding effect on the ehtropy.zl Based
en the solutions for the focﬁsed wave in this chapter,.once
the nonisentropie process occurs, read justments in the
1sentr0pic flow oecur in the form of e weak expansion wave
‘reflected from the shock back toward the piston. Also, ss
~a result of the two different processes, the compressed fsow
‘ wil; not have uniform temperature, density or entropy.
Equation {12} gives she point at which,ﬁhe shock first
L forme and is valid for dispersed or focused saves, as long
- as Ap 1s constant for the fo:mer.17 This equation.gives an

‘idea.of how large the 1lsentropic regieh mejﬂﬁe. In princ-

P

ipie this region_slways exists} however, for a piston,which_;:'
is instantaneously eccelerated to a glven speed the 1sen-
Jtropic reglion shrinks to~zero{.'0n the other hand, in a
transportation tube‘with a slowly accelerating veﬁicle this
region may be very large.

These same phenomena will oceur in the dispersed wave
case to be studied 1n the next chapter. The different
compressions which oceur in that case will not be 1sentropic
rverses nonisentroplc, but nonisentropie verses more non- f
.1sentropic. The shoeck becowes_more_nonisentrople.as it
eoﬁtinues to grow in strength and the width of the;fegion,

‘ with an'entropyiéradient depends on the particular case,



CHAPTER III
DISPERSED COMPRESSION WAVE

J As glready meptioned, most of.the,ﬁaSic'physical
phenomena which oceur in s general dispersed'wave case have
:already‘been\qbserved'in the rocused-Wave_problei. The -
only phenomené not treated there is the effect of an entropy
‘gradient on traversing 1sentrop1é waves,
| Since & focused wave is experimentally difficult to
5?:6duce112-23 and thé‘diépersed wave is the one which occurs
‘natufally, it is freéuently'neoessary to analyZe a dispersed
~or natural wave. The subject of tﬁis chapter is a dispersed
lcompression'wave éreated'bﬁ a pistqn whose aqdelération is
alwéys positive but decreasés'with tihé. A single shock
wave forms at the head of the compression wave.

. The characteristic ecjuations wlll be presehted and the
technique of solution described, An example is worked out
‘and the various results are verlfied. Before the results
are verified, somne additidﬁal viewpoints to the numerical
characteristic metﬁod are_discussed; These include the P,
71.?lane annlysls of the effect of aﬁ‘entfopy gradiehﬁ on a
wave and reflection coefficlents. After the characteristic

results are checked, the nature of the resulting flow is

22
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examined and some ideas for simplifying the characteristic

method are suggested.

Method of Charscteristlic Solution

Thé set of Equations (1-3) are of the hycerbolic type
and the numerical method of characteristics can be used fo
soive them. As indicated earlier, the characteristic tech--
nique was chosen since it 1s an eeeeneially exact solution
of the equaticns. The only approximations are due to errors
in taking,fihite steps in the numerical procedure_and in
aesuming a perfect gae; Of course the equations themselves
‘contain the assumptions of adiabatic, frictionless, and one-
dimensional flow. | o

The technique used for solving the characteristic equa—

~tions is described in the. excellent book by Rudinger.17.
. Except where noted the equations and methods described in.
-ﬂthis section are based on Rudinger s technique. Humphrey14
'presente a method of solution which is somewhat different,
‘pcseibly more appropriate for a computer solution, |
The numerical ccmeﬁting method 35 based on chenges in

the Riemann variables

P

{l
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'along the respective physicai characteristics which are

" defined as curvesrwith slopes

Ag ; °LL+(L '_i-m-P_  ~ sy

= °LL OL 'F°"' Q | (16) |

© . mere @ and‘lL are dimensionlevs speed 'of sound and flow

-'velocity and:g and T’ are dimensionless distance and time.
i'Dimensionless quantities arelpreferable to dimensional |
quantities in the numerical ahalysis; Phjsically, Equa-
tions (15) and (16) define the paths of wavelets which move -
" in the positive and negacive‘ direction with respect to the
local flow. ‘Equation (15) defines the P characteristic and
‘Equation (16) defines the Q characteristic. For the aqsump-.‘
. tions of this study, the only changes which ccecur in the
Riemann variables along the physical characteristics are due
to an entrOpy gradient These changes are governed by the

compatabil1tv or state characterist ic equatione

dP=auy=dq @
E whére S = s/¥R 1s a dimensionless entropy and R is the

| specific gas consﬁant.r Equation (1?) is actually a wave.
.‘equation since it governs the changes in P and Q along the
path of a positively or negatively moving wavelet.

| Since the shock ETOWS ccntinually in strength, there

 w111.be a grqdient in entropy from the piston up to the
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.:~instantanepﬁs shock iocafion.- This_entrépy.grédiént through
" the shock layer fthe-comﬁrésséd‘gas)'is treated by dividing
 the shock layer up into strips parallel to the particle.
paﬁhs (in the.gi;?TJ'piane):- Each strip-is assigned a value
" of the 'entromy Which is an average of the highest and lowest
values in the strip. It kﬁs found in this sfudy that for a
fv:ﬁange 1n entropy, 4S8, along a P or Q characteristic,lEquaf.
-.tionf(l?) could be 1ntegratéd by aééuming dU = 0 in the-
“\-region where_ds occurs._lThis 1é-juétif1ed by arguing that
W 1s the same on both sides of the entropy discontinuity,
- which is valid.iﬁ a numerical aﬁnroach; Using Equations
(13) and (14), 1ntegration of Equation (1?) Sives for elther
" P or @ characteristics . _'
8r . o F (Sa"“su "

(18)
Q.

whererthe subseripts R and L indicatelright and left respec-
tively of the entropy discontinuity or "entropy 1nterface.

The chanzes in P and Q are found from the definition Equa-

- rtions (13) and (1#) and Equation (18) to be.

PR=&._+';-;:@L( (S o

Q Q+2 OlR (S S“) ) (20)

Equation (19) - shows that when all conditlons are known on-:
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‘the'left of an-entropy 1ntérfaco,-tho va1ue of P.on fhe'}
right side.can be'computéd by knowiﬁg only'the-eﬁtropy'
chahge acroés the 1nterfaoe.' In this respect Equations (19)
and (20) are easier to use than the corresponding eouations
1 given by Rudinger. His form of Eguation (19) also requires
-a knowledge of Qg in order to compute PR. For ' |

___, |S

A S

Buf <= l" L e

' Equations (19) and (20) can be apnroximatedrby - _L | &;“;
L ReRox Q(S.-s) o
| 1-:_ Q O & '&R(_S _-"SR).'. - (22)

'Average values of (& ocecur in these equations if Budinger s
form of quations (19) and . (20) 1s reduced ‘which probc.bly
giveé‘greater accuraoy. . That Equations (19)-and {20) reduco
to a form similar to Equation {173 13 ‘some justification of
_the assumotion Wy =Wy - L
Briefly, the comnﬁtatioﬁ:techﬁioue involves knowing two

‘of the. four quantities in Equations (13) and (14) and solv-
ing for the other two. On the piston face WL and Q are
“known. In the shock layer P an@ Q are known. When all four
quantities P, Q, (L,"U., are known ot_a point, the P |
i_‘chéraoterisﬁlclis drawn in at a slope of T} and the Q

characteristic at a slope of'%L -'O[.(according to Eqﬁétions
- (15) and (16)). The characteristics are drawn in the § ,FT/

.



_-"ple_xne o_n. a_h laifgé sheet of grap_h-paper. When a .charactez_--—
istic crosses an 1nterfacé (sléoe oféu_ ) .the change in P or
Q is found by Eauations (19) and (20) or (21) and (22). " For
81l curves the slope drawn between two points was gradually ‘
' changed between the two known values.

Once the speed of sound and entropy are known at P
point_'""iéﬁ""thé ‘shock layer, the st'at‘ic pressure can be com-—;-_

" puted, The equation for the change in entropy is

‘s —s,= ¢, ln== — R In—=
" . : B ’ I‘o o
~ Using the relationship between specific heat ‘aii:. constant
pressure, Cp and ¥ and R’
) | Lo =
R - .

and the 'speed of sound relation

| -—-—-—-() o

the entropy equation can be rewritten as
— < - .
£ =2 Q. ¥ e | ‘ {23)

_where S, 18 sef_; equal to zero, since .Only ent.rop.y.differ- :
:e-ncés are. ccnsid.efed. ‘Note that the'ur_ldisturbedrgas condi-
tions have been taken as.the reference Qondit;§n$ Pos 899

' ‘So. Even if varloﬁs undisturbed gas conditions are used,.

8o = 0 1s Sﬁill valid because the various conditions Just
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hete a differeﬁt base for-thelentroov values.
| Now that the general ccmnutation scheme for the shock :
1ayer has been described, consider whet happens when wave-
lets merge Into the shock, that is When_P charecteristics
intersect the shock. The beginﬁing of the shock occurs‘rt
when the_first*two P characteristics intersect, The shock
strength at ah} point on its path is determined by the_
difference between the value of P behind the shock at the
given point and P ahead of the shocx, divided by. CE ahead
of the shcck.. Thus When a P characteristic is plotted
through the shock layer, the value of P being constant
" except when an entropyzinterface'is crossed, the character-
istic will eventually intersect the shock. The shock
strength at this point is computed using the final value of
P on this characteristic.
‘ The eguation governing -shoek strength is. obtained by :
taking the dlfference between'the‘P variablerdefinition
ahead of and behind the'ehock. Using a single prime'to“
indjcate conditlions ahead of the shock'ahd a double prime
behind, the result is . . |
PP _ _=2 [ __,).-+- WU
o ! & ) oa

Equatlon (24) is given by Budinger5‘ Howevef, a form which
containe a more familiar combinatibn of variables ﬁas

: cbtained 1h this study in the following manner. The



absolute shock sveed for a P shock (a shock moving in the
direction of positive velocity-which is to the right) is'the
sum of the flow veloclty and the shock velocity with respect

to the 1ocal flow. This is written

35 "UJ' "u s
(d’l’ . "U.+\N +\N | 2'5(

The continuity eauation for the shock wave is

i | o 26)
5>W PW SRl
Equations (25) and (26) can be comblned to evaluate the last

term in (Zh), giving the final result for shock strength as.

= e () ke

“where My 1s the Mach number of the shock wave

. ‘._ W,.
wa'— _al“

All variables on the right hand side of Equation (2?) are &

_function of ﬁwn and a standard normal shock table can be
used to evaluate them. Rudinger's book contains tables of
| (p"-P*)/ Q' ‘as a function of My, 8" - 8! and other flow
variables.  Since P' and (L' are ¥nown from-the,inltialKSas
'state‘andiP"'is known from the intersecting chafacteristlc,

the shbck strength 1s'a1ways readlly calculated.
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uarlier it was said that in the shock layer Q is known.

Now that the ‘shock has been discussed this point can be made
clear. Prior to any wavelet merging, a-simple wave exists.
" In characteristic terminology this means that.all‘Q charac-
_ teristics have the same value of Q@ and this value is the one
in the undisturbed flow. After the shock forms, @ Just
behind “the shock can be comnuted since " and A" are
Aknown. Then the Q characteristic can be drawn in as
~ described above, - ji, S '_‘f ._,1 “Ja?f

" A very imcortant point concerning finding Q at. the |
shock‘should be mentioned. _Since finite steps are taken in
a rnumerical procedure, accuracf is increased if quantities
tetween tﬁo points are taken as an average of the two .
points;m The entrocy strips were defined by particle paths
| from adjacent computed shock p01nts. Therefore a correct
entropymfor a given strip must‘befen”average of the entropy‘
at ad jacent shock points. - Since the vsine_of Q throughout
the shock layer depends on the entropy gredient -the correct
initial value of Q must also be an average of the Q values
at adjacent shock points. The @ characteristic is drawn by
starting at the midpoint of the shock increment, Since
‘-interpretation of reflected wave phenomena is based on Q
'values, not using these avereges can . result in an erroneous
interpretation of reflected waves (using an average entropy

but not using an average Q value for example)
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The order in which oomputations'were made was to work
along aP cnaracteristic all tneiway from the piston peth
to the shock. Then all existing'Q characteristics and
particle paths were extended from the preceding P charao-
teristic up to the one just calculated. The slopes are
gradually changed between the two known values by use of sa
French curve, Similarly the shock is extended from the
"previous point to.the one just computed. - Appendix B gives
a detalled example to clarify the scheme. 7

" The boundary conditions on the problem are an imperme-
’Aable piston moving along a given path in the § Ar plane
and initially undisturbed uniform gas ahead of the piston,
The plston path can be prescribed as a path determined from

experiment, or can be a computed path, A computed piston
‘path‘is obtained by a simultaneous characteristic solution
of the driver and driven tube‘gasest,'The resulting pres- .
~ sures glve the force on the piston, which is then substi-
tuted into Newton's second law of motion._ Integration'of
Newton's second law gives the piston velocity and position
as functions of time. | |

. The undisturbed driven gas conditions were always used
‘as the reference condltlons in dimensionless quantities.

'r When graphical procedures are used, it is necessary to use
the same reference conditions for both the driver and driven

gas and for the piston motion.
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As indicatedeerlier;-éraphical_techniques were
employed in the:characteristic solution by plotting wavelet
Or characteristic paths, and piston,'particle and shock
paths in the:S dr plane, This procedure is much faster
: than numerical calculation of the points of intersection-
_of course, these points would have to be found numerically
”if a computer solution were used. ‘Note that the spacing of
the P characteristics emanating from the piston path deter-
mines the size of the mesh., Decreasing the mesh size was
found to have'a significaht-effect on only the shock and
only during ltse teriod of initial growth. The shock -
strength at later times and the shock layer flow variable
: distributions were unaffected within the accuracy of the  -
hand computations.: The insensitivity of the-flow variables '
to mesh slze is due to the primary dependence of pressure
and flow velocity on the ‘Piston.path. and the relative o
"oonstancy of these quantities along the P characteristics.
Once the P characteristic intersects the shock, the new
’shock strength is then established by the flow velocity on
that characteristic (the shock strength is fixed by -

(ur - wr)/ar).
N Another great time saver was a graphical me t hod due to
‘Schmidt for obtaining the’ slope of P. and Q characteristics‘

18 Also, Equations (13) and (1&)-for the

and particle paths.
Riemann variables can be used to plot an & ﬁl- state plane;

however, it takes about the same time to solve Equations (13)
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and (14) on the srate plane‘ss it éoes by use of a hand
calculator.  With a specified ciston path, an accurate solu-
~ tion required about 12 man-hours, whereas Shunk's8 technidue
required 10 days. | | |
- An example problem labeled Case II has been worked out
_sccording-to this theory. A piston isxaccelerated,from
_rest to the same final speed and into the same gas as the_
focused wave erample in Chapter 11 fCase I). The wave 1913“ o
' dispersed'wave and the wavelets merge into each other one .
after the other. A single shock wave forms at the front of
lthe.comoression-wave. The piston path up to ’T'_ 0.5 is one
whilch hsd been previously calculated for a frictionless '7
" piston of 0.4 1bm, with an initlal driver tube pressure of
100 atm and an initial driven tube - pressure ‘of 0,01 atm.
The driver gas was hydrogen and the driven gas was argon,
both 1nitially at roomltemperature." Both the driver tube
| and the driven tube inside diameter was 1.5 inches. At
Y = 0.5 the acceleration was'abruptlyibrought to zero and
‘maintained there. Tables 1-4 give the results of the
calculstions, the piston path and the ihitial gas condi-
_ tions (only the driven gas is of interest) - Figure 5 is
the graphical wave diagram solution. | ”
Before the results of the characteristic solution of
Case II are examined, some additional viewpolints will be.
developed. These will be used in verifying and interpreting

'-the oharecteristic solution. First, the G’,ﬂl; plene is
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used to exaﬁine the effect.of an entropy'gradient on a wave,
followed by =& discusslon of the reflection coefficient

concept.

@, U Plane Analysis of Entropy Gradient Effect on Waves

Some objectives of this study are to determlne just
 what types of waves are:passing‘throﬁgh the sheck layer, how .
strohg they are, what effect the_entfopy gradient has on
them, how they die out, and so0 on, As explained previously,
the entropy gradient is treated by.dividing the shock layer.
into strips of constant entropy. A tool which can aesist in
clarifying the'nature of the shock layer waee system, and
‘also serve as some check oh the characteristic results, is
‘the effect of a single-entropy 1nﬁerfeee on an isentropic
simple wave. The question-arises, ef”course;‘whether
results from a simple wave analysis apply in a nonsimple
.j.wave region {a region where waves travel in both dlrections
"simultaneously) A reasonable justificetion of such an

.annlication is to 1magine that the right and left mo vinﬂ‘
wave can eacn be represented by a series of small waves,
These small waves are selected so that the entropy interface
is crossed elternately by one from the left and then one
from'the right, Thus the problem reduces to that of analyz—
1ng a simnle wave as it erosses the entropy interface. ,A o
. Turther justification of this application of simule wave

' theory is that the conclusions drawn from a simple wave
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analysis do'agree with the method of_characteristics'

_ anélysis of a nonsimple wave, This will be demonstrated 1h.

the section Analysis of Case II Results.

. The effect of an entropy interface on agsimﬁle'wave 15'_
determinednby use of the E’, AL plane.  Since no reference . -
was‘found wh1chlsatisfabtorily diécﬁsséd the P , U plane,

& brief analysis is made in Appendix C. For the £,
piané shown in Figﬁre & the pressufe'and'veiocity are made
" dimensionless with py and aq detefmined by the initial
conditions, = For a ﬁave moving in the difecfion of positive
'#elbcity (to the right, l.e. a P wave), changes ococur aléng
ithe curves ﬁith'élpositive slope.’ Fof a Q wave, changes
occﬁr‘along thé curves with a negatife slqpé; Uhlika the
‘ d’.',‘u_ plane, lines of constant P or Q are -curved and intér'_
.séct; whiéh curve is traversed depeh&s_basically-on the
‘value of the entropy of the gas (thefefbre on the temper-
* ature or speed of squn&'since the ihitial,pressﬁre 1s the
nsame). o | | | | .-
the € ,U. plane is not'the‘only method of analyzing
ﬁhe effect. of an entro?y‘dlscbntinuity on a simple wave.
Application of the génera1 principles of the method of
"chéracterisﬁics, without use of any numbers;‘very.quickly
: élveé the same results, ‘Hoﬁever;-ﬁse.of_the GD,QJ_ pléne is
Vsomeﬁhingsof an:indepéndgnt check on the Eharacterisfic,7

solution.
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| The flow situation to oe analyzed is a flowing'gas of
uniform velocity, pressure and epeoific heat. The gas is
.separated into two_parts byran entropy'oritemperature
"dlscontinuity", each pert having its own but uniform
entropy and temperature. Inoident upon this discontinuity_
1s a‘simpie wave. ‘Assuﬁe that'the dieeontinuity is moving
'to'the:right initially and the wave approaches from the
~left. Four possibie.sitoations exist then: a compreseion
wave moving from low to highrentropy of high to low entropy§
and the same two possibilities for an expansion wave. As in A

“the ‘solution of the focused wave, the baslc boundary condi-

tion to be satisfled is that the final pressure and velocity_-?

are the same on both sides of tne discontinuity. An example
lof a compression wave moving from a region of low to high
entropy is given in Figure 7. When the oompression'wave
hits the entropy disoontinuity, a compression ‘wave is trans-
mitted and an expansion wave 1s reflected, .
Note that left moving waves would not be. different than
the ones considered above because. if right moving waves are
viewed from the other side of the tube, they will be 1eft
etmoving waves. Likewise, the direction of the initial gas
velocity is unimportant as long as the wave crosses the
discontinuity. . _
From the analysis of the above four situations for a
simple wave orossing an entropy discontinuity or interface,

the following useful rules are concludeds
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(1) 'Regafdiess of the type of wave (expansioh er‘_-l
'compression)‘or direction of entropy change |
_(increaSe'or decreaee), the tranémitted weve is
) : always.of'the same type as the31neident wave,
(11} When the incident wave moves from a low to high
| entropy region, the reflected wave 1s of the |

opposite type to the incident wave; the transg"

‘mitted wave is weaker pressure wise but strongere“"'

_velocltj wise than the 1nci&eht ﬁave. ] _
{111). When the 1ncident wave move s frdm a high to low
| ' entropy region, the reflected wave is of the

seﬁe type as the 1ncident wave ; the transmitted

_weve 1s stronger preseure wlse but weaker jJ_e

velocity wise than'theaincident5Wave.‘,-

‘Beflection'Coeffieient

The treatment of the focused wave-in.chapter 1I indi-:
-cated that when anlisentropic Wate overtakes a shock wave,
“the isentropic wave is partly reflected. The ED 'U; nlane
analysis of the Drevious section showed that when an 1sen-
‘trople wave crossed an entropy 1nterface, it 1s partly
.reflected | Although both analyses showed what type of wave
is reflected, nelther analysis gave any general rule for the e'
strength of the reflected wave, The _purpose of this section
'15 to present expressions by which the strength of the’

_reflectedswave ‘compared to the incident wave can be -
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 0§1cu1atéd. -Such an eﬁpressidn is @alled'a feflection
coefficient. Reflectlon coefficients for both an entrépyr
- interface and for é shock wa#e will be discussed. -
Knowledge of the strengﬁh'of&reflected waves is very
-useful. If the réflected wave 1is much weaker than the
incident wave (émall'reflection coefficient); thén the wave
éystem will die}out qul ckly after the pistbn reaches a |
-constant'velociﬁy. Also, if the feflected waves are weak,
certain siﬁplifying‘approximatlons can be made in the calcu-
lations, as will be discussed in the last section of this, |
chapter. The sign,df the reflection coefficient indicates
what'type of wave is reflééted.L In this sense, the reflec;
tion chfficlent_sefves as a cheék‘on conclusions from
" alternate viewpoints. | R e S |

| ihé eﬁtrOpy refléction coefficient will be derived
first. .Cbnsidef_whatfhappens when -an ‘1sentropic wave
_suddenly hits an entropy 1ﬁte:face; The PP ,"U plane
analysis showed'thét both a transmitted and a reflected
wWave were requiredto.ﬁaintain.the boundary conditions of
equal pressure and equal vélocity on both-sides'of the
Anterface. The basis of the reflection coefficient approach
is to ratio the preséure change of the feflected wave along
one characteristic to the pressure change of the 1ncidént'
wave along the oppositencharadterisfic. From Equations (13)

and (1%) the compatébility equations for 1sentropic flow are
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0=dP = —2—daadv’ (8
. - ¥-1 S
(3:86::7%+da—éﬁ o (29)

Since the boundary conditions are in terms of pressure and
veloeity and the reflection coefficient involves pressure
changes, Equations (28) and (29) must be transformed into

dp and du. Using the isentropic relation

-'P
'?Y

- constant

—

and the speed of sound relationship

a=frE .
1t is found that | |

™ - (%-4)‘
da"‘apx

dp

Thus Equations (28) and (29) become

. d'{):l.ﬁfﬁau  along  9%-=u-a o)

- Consider the ineldence of a P wavelet or characteristic on
an entropy interface such as occurs between points 18 and 19

- in Figure 5b. The strength of the incident, reflected and



transmitted waves are, by Equations (30) and (31) (the

e. reflected wave 1s not shown in Figure 5%}

T '7-—%‘- du,. - (33)
““;;gi.:_t:-:- ;;E. % :l ' ‘ .' |
aoEEm ..%ft_:_ .___.31-. (dq; +du,t) N (34_)

where the pressure and velocity boundary conditions have

already been applied 7 The reflection coefficient is defined

Ces iRl loiTl-

R

where Equations (32) and- (33) have -been- substituted. In
order £o evaluate dur/dui the pressure boundary condition is

again apolied R ..f:‘,
T '-d"Fi +A‘PJ‘L‘::.- A'P

Substitufing ?quations (32), (33) and (34) it is found that

R du, - [ ai -3¢
S - LT d;+dy
,i,Thus_the'fefleCtioh coefficlent can be written as
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A |
he=—L = T - ! TSy
l + Q‘R I + _—R B

where (i,t) have been replaced by (L,R). Therefore, the

- reflected wave strength depends on C?R/(?L. If CQB7>CEI,
 that is the wave travels-ffom a region of low to'high
éntropy, the reflection coefficient 1s negative and the wave
1s reflected in the opposite sense. This agrees with the _‘
&, L plane analysis. Other convenient forms for the
refléction coefficleﬁt can be found. _Substitﬁting the speed
of sound ratio across the entropy ;ntgffacg from Equation
(18) 1n£o‘Equation-(36), thé reflectldn'coefficient takes

the form | | _ | :
MNa = — ‘tanb l:T (_SR-'SJ] | ‘(3?)

By use of Equations (18), (19) and (37) and the definition
of Pt and Qp, the reflection coefficient can also be written

—_ FDR'“ F%; . -
Jre= — . (38)

. Properties of the hyperbolic tangent show that approximate

forms of Equation (37) are
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when [ (39
| o L oa |
]SR_—S._I. = -1
.“.and
he = 2|
wnen . : : (o)

(5 S)

Equation (&0) gives the condition for almost total reflec-
tion of the 1ncident wave. Such a condition could exist for
a flow ﬁhere Myr» varied from 1 toee. On the other hand,
Equation (37) shows that as ¥ approaches 1, fe appnoaches'
0. Note that all fhe abové expreséidﬁsrfor the reflection
coefficient are valid for P waves only. The reflection
coefficiént for @ waves is juét tﬁe negative qf that for P
waves. | | | | _

An expﬁeésioﬁ for thé shbck reflection ceocefficlent is
given by Equation (48) of Lighthill, In the present nota;.
tion it is |

.. ’ .A ’ ’ A .
r o= |- A"+ W ~W R —?'a”(di) ] )
= A-u W | +p 3" év) o
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-Where (dﬁ./dp)'s- = (dﬁ"/dp".), is for lthe shock wave (this
quantity appears in the derivation in place of a trans-
mitted wave'eff‘ect_). Usiné Equation (2'5) for the absolute
- shock speed and ar - 0, the first term 1h Equation (41)
69.11 be lrewritten as _7 ,
@'+ W' =W = Mg
WU AW T T My

: ' %P fdvu
h o= ! — Mw" | — at d-P)s (42)
s " £ fdu
VM L (5,

When the relation between flow veloeity u" ‘and pressure
p" for a moving shock wave is dif‘f‘ereﬁtiated, “the expr'es'.si'on
in the second bracket of Equation (42) can be evaluated.

The result is {where. u* = 0 has been used)

¥ P ( ) — ‘~F‘ o
3" a2y 7
= J 2 *ast\sﬁ) + x(; D

(43)

CE)HD ]S
[P ) 02T 3 \dP )
(f' .*s(?-+ + x(a_ ) < <

Equation (43) is _most easily evaluated by approximating
(WP )}, by use of shock tables such as Table 1 of |
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‘:ﬁudinger'a book.l? - From Eéuations"(GZ}-and‘(43) 1t is seen -
,..thét rsvls‘a function of only My and ¥ . ‘Flgure 8 shows N
| the variation of rg with Mﬁ' for ¥ = 1.667, It is seen
that the magnitude of I's 1ncreases as MvI' increases and
'that ry is always negatlve. - Since rs is negative, a com-
p:ession wave will reflect fromj#he shock as an expansion
ﬁave,4whi§h 1s the same resuit that was found for the -
'f.focuéed wave., - L |

Some‘additional_insightfis orovided by the‘limiting
form of rg for large Mw-; First, for large Mwa {(therefore

"/p >> 1), Equation (43) reduces to

" ‘ | = _ t ' '
a3 dp) T 2B+ PP

: 5 . :)‘/' ,,,,,,,
. For large Myr, the normal shodk”ﬁave'gquagions?(ﬂritten'in a
coordinate system attached to.the éhdcki'yield'the fﬁilowihg
limiting values for the density ratio across the shock and

- the downstream Mach number

P |
5T = My o (45)
Mu=(5— M= @)

vy

) When Equétions (44), (45)? and (46) are subétituﬁed into

;EQuétioﬁ (42), the resulting expression for rs is a simple.f
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- function of ¥ only

¥~V ¥ —\
R 2 f—x— — | --
)Ls.:_ v v . | {47)
I+ & 2 2% +

My '-""_ R

| Table 5 showslthe variatioﬁ of rg ﬁith ¥ according to
Equation'(k?).' It is seen that asAX approadhes 1, the
value of r, approaches -1; which is total refléction of the
wave at the shock._ 7 |

o ‘Very little previous work on reflection coefficients

" has been‘donelfot one-@imensional unsteady flow. Lighthill

,;nas a vefyllimited analysis of Equation (41) and no refer-
enCe has been found which discusses ré. Hayes and Probstein

(Reference 15, Section 7 2} discuss both coefficients for

."two«dimensional flow, whe:e analogous results occur,
It is not sufficieht to discuss the effects of

reflected waves from entropy.inteffaces and the-shock wave
”separately sincerip geheral they oﬁcur-simultanepusly. For

- the caée of an entrony decrease from the piston to the shock
(decaying shock), r, 1s postive for P waves. Slnce rg is
always negative, in this case the nrimary or first reflected
waves will tend-to cancel. For an entropy increase from the
piston to the shock (shock formation), 1, 1s negative for P'

‘ waves. Thus, in this case the primary reflected waves will
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reinforce each_etﬁer._ This reinforcement.is demonstrated by
. some caiculations for Case II. Based.on the characterlstic
results, Table 6 gives an estimated value of rg + S re at
the pistonkfor the entire inltial compression wave., To
obtain the total reflected wave strength a single entropy
strip next to the pieton nust be used. The incldent wave
strength Wes the pressure-change between points 1 and 18 of
Figure 5 and the reflected wave strength was estimated by
i assuming an average P = 6 aﬁd using the drop in Q from
‘points 1 to 34 (the result 1s not sensitive to P). The
resultlis reg + S 1o = - 0,044, Alternately, by use of
Equations (42) and (43), 1t is.found that rg = - 0.0035
assuming an average Myr+ = 2 of shookipoint 11. Acrosg the
entropy 1nterface‘between'strips 3 and L, it-1s found'thet
re-=A-'0.016? by use of Equation (39). Therefore, assuming
ah averagé of two to three -.entropy interfaces (some
reflected waves eross ene“interface end some cross:four),

the value of rg + §£re is approximately - O. 045, which

agrees with the characteristic estimate.

Analysis of Casgse II RBesults

VSincelthe'G>,ql_ plene and reflection coefficient
concents have now been discussed, these teehniques ¢an be
used to aid in the analysis of the characteristic solution
for Case II. _The method of analysis-of thehCase II wave '

'dlagram solution will be to follow one wave forrthree
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- traverses of the'shock layer. On each traverse the varioue
| features of the flow will be discussed.
| Jf The distribution of flow variables and wave phenomena
are best revealed by viewing the flow 1n different Ways.r
Foﬁr 11luminating ways of viewing thelfloﬁ which have been |
used in this study are: ' | o
(1) along =a particle path or entropy strip
“(i1) in g direction at cons_tant T
(11i) in T direction at constant_g
(1v) along a P characteristic
"Method (1) is used in this sectlon'te study wave phenomene.
eMetheds (11) and (1v) are used in the next section to
“describe the nature of the reéuiﬁing flow. (Method (iv) has
"aiready been used in diecuesiné the effect bf'varietion in
-mesh size.) Methods (11) and (111) are used in Chapter V
_"fer the comparison of the theoretical and experimental
" results. The‘advanteges of the particular method used will |
become clear at the time of 1its use,

Figﬁre 5 and Tables 1-4 give the results of the graph-
ical solution for Case_II. Figure 5 is called a wave
diagram siﬁee 1t shows the pathe‘of sound waves and shock'
waves in the dimensionless T, g or time-dietance plane.
It is seen that the piston #eloclty (slope of the piston .
"path) 1ncreases from. 1*~ 0 to 0.5 and 1s constant from then

'dn; Ldkewise, the shock wave forms at g = 0,24 and has a

Ny subsequent increase in velocity until the final compression
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, wavelet created by the piston at ’r_= 0.5 merges into the

" shock (a finer characteristic'mesh would alter the shock
formation_point). Small variations in shoeck strength oceur
after this final wavelet merges; howeter, they are too small
to be detected on the diagram. Using Equation (12) and an
average value of Ap = 4,21 for the time interval T = 0 to
0.10, an approximate value of the shock formation peint 1s
-found to be g = 0.178. This value. is an approximate check
on the characteristic value. In Figure 5 the solid lines in
the shock layer are charaeteristics‘or wavelet paths; and
the dashed 1lines are fluid particle paths which define the

' entropy interfaces. ‘

Previously, the entire disturbance created by the
piston from YT =0 to 0.5 was called & wave and each indiv—.
‘idual disturbance such as 2-~3 was termed a wavelet. Now, |
‘however, since no confusion can arise, and to be in con-
formity with usual terminology, the individual disturbances
will be called wavee. |

The analysis will be initiated by considering the P
wavee (or characteristics) 12-16, 18-23 and a portion of
their reflection, the average Q wave (or characteristic) 22-
34. In the interest of simplicity, reflections from the
entropy interfaces will be ignored for the moment., The
‘Tules obtalned from the @ °LL plane analysis requlre that
at an entropy interface the_transmitted wave always be the

same type as the inclident wave. Therefore, since the piston
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‘sends out (primary) compression waves as it accelerates, the
P waves 12— 16 and 18-23 {and others such as 4-6) should be
compression waves, Also, according to the focused wave
analysis,‘the merging of compression waves ¢auses an
‘1sentropic process to become a nonisentropic,process. The
.readjustmehts 15 the isentropic flowlere made by an expah-
'sion wave reflected back towards the piston from the shock.
. A similar situation exists in the case of a dispersed wave.
The gas particle 1nitia11y at §1.= 0.422 is compressed-by
.the shock at point 6 and is further compressed by the

gradual compresslon wave 8 10. However, the gas particle
. at g § = 0.63 is subject to the comblned effects of these
two compressions as a‘single shock at point 11; Therefore,
the latter particle has a greater entropy increase than the
former and it would be expected that read justments in_ﬁhe
former.parricle would oocor by a weak.refiected expansion
wave, Thus the Q wave 22-34 (and others such as 5-12, 10-
17) should be an expansion wave. That the shock_reflection
coefficlent, ry, is negative is also an indication that the
compression waves from the piston should be'reflected from
the shock as expansion weves.‘ Since g is small in absolute
value, the reflected exnansion waves should be weak compared
" to the primary compression waves,

That the P waves 12-16 and 18-23 are compressions and

:that the Q wave 22- 3# is an expansion can be seen in Figures

9a b which shows the 1nteract10n between right moving g
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1séntroplc'compression waﬁesmand left moving 1éentropic '
expansion waves. Since the flow is isentrople, @ 15
constant:on-q characteristics énd P is constant on P.phafac—-
teristics. Iﬁiis éeen that in the reglon of mixed compres-
sion and expansion waves thé vaiue of P increases and the
value of Q decreases along a particle path. From Figure 5
and Table 1 it i1s likewlse seen that for the isentroplc flow
along a particle path such as along points 5 13, 19 that P
increases and Q decreases (these points are all in the same
enﬁrOpy strip and DS/DY = 0). Therefore, it is proven that
. the characteristic aﬁalysis has given the correct type of
vave syspem in the region of the shock layer below the P
wave 18—23 (the piston stops accelerating ét'point 13). . The
fact that‘the,shock.streﬁgth 1hcreases”alsdféhows tﬁat’the P
wave8712-16 an¢f18—23 are compression waves, |

Befbré continuing, consider‘the.feflections'of_the.
above P and Q waves at thé entropy interfaces. Since the
expansion Q waves are much weéker than the cpmpression.P
waves, rgflections of the kaaﬁes will be 1gnored. The
reéuits of the G),°LL‘ Dlane analysis and the eﬁtrOpy reflec- .
' tion coefficlent, re, show that reflections of the compre s-
sion P waves will be weaker expansion waves.,-Hence, the
weak expansion Q waves from the shock will be slightly
reinforced by weak expansion Q waves from the entropy 1nter-
faces. Therefore none of the above conclusions are_affectedp_

"by reflections at the entropy interfaces.



51

-Thatjthé'total réflected expansion is weaklcompared to
the prinary compression was proven in the preceding section
wheréfrs-tﬁixé was determined. The value of this summea,--
tion is further supported below where Cases I and II are;
.compared. 3 | |

It snould also be mentioned'that the terms right and
'ieft moving waves méan-with respect to the 1oca1-gas. nges
moving along a @ chafacteristib can actually obtain a right-
" ward motion with respect to the laboratory frame. Rightward
| moving @ waves occur when U> Q& so that U - Q. 1is positive
(sée Eqﬁétion'(lé)). ‘Points 25 and 34 aré two. examples éf
.such a motiﬁﬁ. | | | |

.Next‘consider the‘réfiection of the expansion @ wave
22-34 as a P wave 34-41. These waves are ﬁyéiéaluof the
regidn ébove the P wave.18-23{ Again the wave type must
not changé_in a single,traverge'of the shéck layer. Since
'thé Q wave is an expansion, the boundary conditidﬁ at the
piston of constant vélooity reqﬁlres that the reflectedﬁP-
wavelaisd be an expansibn. Hence, the region above the P
wave-iB-ZB éhould contaln expansioﬁ waves traveling to the
1eff andkto the right. Figures 9c and d show the inter- .
action of left and fight moving isentropic éxpansipns; It
is séen that along'a particle path in the nohsimpleflow
reglon that both P and Q values drop. 'Likeﬁise Figﬁre'5-
and Tablé-l show that élong a parﬁicle'pafh such as'18, 25,

34, that both P and Q drop.’ Therefore, it is also proven -
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that the characteristic solution.has given the corfectﬁwave
system in the ?egion above the P wave i8-23. As the P waﬁe
C3hoL] 1htersects the ehock, the shock is slightly weakened
‘as seen from Table 2. This weakenlng.of the shock also
demonstrates that the wave 34-41 is en expansion wave. (The
P wave 25-31 is also an expansion but makee the shock |
giightly stronger'dﬁe to small numerlical errors and the weak

_nature of the ﬁave.)ﬂ Since‘ooth_reflection coefficients are
" small in absolute value, reflections of waves such as 22-34
and 34-4%1 will not alter the foregoing conclusions.

A nuﬁerical verification of the characteristic solution
ecén be made.by'compariﬁg Cases I and IIT, As mentioconed
- earlier, botheceses have the eame initial gas state and the
same finai:piston speed, Since the two techﬁiquee of solu-
" tion are quite-different, a comparison of them is a,good,-

" verification of Case II. The two cases areonot the same
since the entropy gradients are much different; however,
‘since fhe reflection ceefficients are small, the cases
should agiee falrly well. The comparison is made in Table
6. B '

The‘primary comcression from the piston is compared ac
the pilston face, and 1s smaller 1n Case II due to expansion '
waves reflected back from the shock and entropy 1nterfaces.,
The reflectionskof the primary compreesions are compared
For Case I all the reflection oceurs, ‘at the shock but for

"Case It the reflections occur at the entropy interfaces as
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well as the shock. BSince in both cases the flow is adjusted"
between . approximately the sanme two end ooints, 1sentrop-'
lcally compressed gas and gas downstream of the final shock,
the reflections at.the‘entrooy interfaces should be included
for Case II. The comparison is close. The final shockr
‘strength is also compared and is Weaxer for Case II due to
expansion 'Q waves reflecting back off the piston and Wweak-
ening the shock. = In each of the foregoing comparisons the
agreement is close enough to support the numerical results
of the oharacteristic solution.

In conclusion, both the general flow features and fhe
_major numerical values of_the characteristic-solution'have
Abeen vefified- The wave phenomena in the shoek layer have
been verified by use of focused wave concents, results of -
the ﬁ’,%@. plane analysis, and reflection coefficients. The
'magnitude of tne pressure and veloeity ehangesdeaused by
various phases of the'shock formation process have‘been'
supported by the focused wave solution of Case I. Hence, 1t
1s concluded that the methods describedlin this-ohapter‘give
'an'aeeurate and detaiied_theoretical gsolutlon for the forma-
 t1on of a shooﬁ wave from a dispersed compression wave,
Determination of how well the theoretical model agrees with
.exoerimental results will be the objective of the following

chapters.
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Nature of Résulting Flow

The flow variables for Case II have been presented
.graphiﬁally for two times during the piston acceleration,.
and for aktime-long after the pviston has reached a cohsﬁant
velbcity.',Figures 10-14 give the distribution of pressure,
temperaturé;‘denéiﬁy; felocity and eﬁtrbpy-dﬁring the piston
acceleration éﬁ ’Tidf‘o.u_and 0.5.. In each case the vari-
able 1s divided by‘its‘value Just‘downstream of the shock.
If the curves for the distribution of a given variable at
different']’ had exactly cbincided, the flow would be self-
similar, Then the flow would be described by a constant
value of n in the exponential piston oath used by Cherny116
.A”(uquation (%) 1n Chapter I) It 1s seen from the curves
that the flow is only approximately self-simllar._

Figures 15 and 16 give distrlbutions of the same quant-
1ties as above for a 1’ long after-the-piston.has reached a
constant vélocity; The last significant wave is the Q wave
22-34 which reflects from the piston as a P wave and inter-
sects the shock at point 41. To plot the figures it was
aséumed that.the-flow‘variables were constant in the entropy
strips after this P wave had qroéséd. Then the'distribu-
tions were plotted for 7V = 1.22 which intersects the shock
'between points 31 and 41. The region of the shock 1ayer
compressed by the strongly varying. shocx and the primary
compression-waves from thelpiston has the unique feature of

a flow in which a shock wave forms or decays. Gas'lnitially
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| uniform in 2ll properties has‘been compressed to & uniform'
pressure and velocity but with strong gradients in temper-
etﬁre, density and entropy. = The focused wave was a simole
example whichrdemonstrated that such gradieﬁts'wculd appear
due to the increasing nonisencropicity of - the compression
process, It is aleo evident thet the wave sjstem did die
out- quickly once the piston reached a constant velocity.
'This rapld disappearance of the wave system was vpredicted
on the basis of the fact that both reflection coefficients,
re and rg, have an absolute value much less than 1.
| A particularly interesting facet of this compression
»prccees is that in Spite of thefeventual development of a
strong shock wave, the gas next to the piston hae been com-
‘pressed isentropically. Also, when the reflected waves are
weak, the pressure here can.be'quite accurately calculated
from simple wave tﬁeory. it will be shown in Chapter v that
e the theOretical-and experimental pressures agree within a
-few percent in this region. _ |
| The regicn of Figures 15 and 16 where the strong gred-
 fents exist is similer to the flow d1stribution along & P
characteristic. This similarity can be understood by noting
theteif any primary P wave were;the_last one to be sent out
ajby the‘pistcn, only smali ?ariations in fiow properties
woﬁld cccur aftef its passage. Along a P characteristic
' from the accelerating piston of Case II, the nressure drcps:

by about 1% and the flow velocity 1ncreases by about 1% due
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7to reflected expansion-waves; however,-mﬁch 1arger varlia--
~tions in T{§>, end S occur.,. In a siﬁple wave, alllfiow‘
quantities Py AL, T,j>; and S woula be constant along the
characteristic. N :

- The grad;ente in T,Jp and S explain some'qf:the appli-
caﬁions of the study of shock wave_formation which were
~mentioned in Chapter I. Ges which is 1lsentropically com-
pressed to a given.preseure rather than compressed byra‘-'

shock wave to the same pressure, has a higher density and

. would have 2 lower dissociation ifr diseoclation occurred.

Therefore, isentropic eompresaion produces a more realistic
test gas for high speed, low altitude aerodynamic simula-
tion.**2 In another applicaticn, consider the compression
of a combustible gas by an accelerating piston. Due to the
1ower temperature in the 1sentropically comeressed regions,
~the gas +wizht not dburn antil the compression waves merged.,
This would cause combustion to oceur far from the face of

the piston,2?

Simplifications in the Characteristloc Teehn;ggg
The method of characteristicsﬂgives a very detailed and
accurate theoretical solution to.the problem‘of shock ﬁave-
formetion, but 1t is very time consuminglto obtain the final
results.‘ A few epproximetionswill be mentioned whieh'would
'sﬁeed up the solution and give'approﬁimafe answers. The

accuracy would depend on'the perticular'flow.



If it 15 necessary fo calculaﬁe ohly the shock'strength
and shock path, the changes in the Riemann variable P across
the entire shock layer can be exactly computed in one step
.by Equation (19). Then the P characteristics can be approx-
lmately drawn in as straight lines. The,sccuracy of this
approximation’depends on the degree of variation in the
slope of ﬁhe Plcharacteristics, This slope 1s-?l.+ dl As
the shock strength increases, the approximation becomes less
accurate. The accuracy was investigated for case III, which
‘will be discussed in Chapter v. There was no error in shock
strength during the early stsges of growth. The maximum_
error in pressure rise through the shock at later times was
about 1%, | | '

When complete flow detail is desired 'Eﬁe simplifica—
‘tions could be made. One is to assume that Q is constant . in
each entropy strip which ;s equiralent to assuming zero
shock and entropy reflectioﬁucoefficients; The two-dimen-
sional steady flow counterﬁars of this problem is the shock
expansion method, but sould be more properly ﬁermed the
"shock compression method™ for unstesdy one-dimensional
shock wave formation, This-anproximation would be esnec-
“1ally accurate in the case of = decaying shock as discussed
previously (which would truly be a "shock-expansion method"),

 The second nossible simplification would "be to assume

. self-similar flow. Once enough detail was available to

eeiculate the dimensionless flow varisble-distributions at
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some constant ’\", only the shock strenéth and path would
have to be com;ﬁuted from then on, " Knowing the shock
~ strength at any subsequent ] , the calculated dimensionless

distributions could be used to estimate the distributions of

| T, 9 s Ps WU at the subsequent T ,



CHAPTER IV
 EXPERIMENTAL EQUIPNENT AND PROCEDURE

The.method of characteristics has been utilized to
-obtain a theoretical sclutioﬂ to the problem of formation of
a shock wave from é'dispersed compression wave, An experi-
- mental program was designed and carried out with the objec-
tive‘of verifying'this theoretical solution for a strong
shock.wave.. In the presentlchapter the experimental equip;
ment and procedure 1s described, while in the following
chapter the excnrimental results are comnared with the

theoretical predictions.

J/“

" Experimental Ecuipment

.The plsfon tube used 1n these exneriments'consisted of
.sections of constant area circular tubing bolted together to
form a 40 foot length. Mylar diaphragms were used to divide
this tube into three sections. The first section, ﬂalled
the drivér, was filled with air £c a #ery hiéh pressure.
When this pressure became great enough to break the
diaphragm, a small pistoh initially placed on the dcwnstream-
side of ﬁhe dlavhragm was drlven'infcathe low preSsure alr

of the second section (called the driven tube)., As the

piston accelerated into the low pressure alr, it formed the

59
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shoék wave which was to be étudieﬁ, 'A short section caiied"
the brake tube was provided at the end of the driven tube'in'
6fder to decelerate the piston, The oﬁly gas used in this
”Study wag air, |

The descrintion of the piston tube will be divided 1nto :
"3three principal parts, The tube design, the instrumenta-

~ tionm, and'thé_piston design will each be discussed.

IZube Déslgn

' Figure 1? is a'diégram of the pistoﬁ tube and the
;instruﬁentation. Asg mentloned above, the tube was divided
by Mylar diaphragms into three sections, driver, driven and
brake tubes. . With the exceptionlof the brake blind flange.r
z bolts, all tﬁbing, flangés,-and;bolts were made of stainless -
steel in oxrder to'withstandrfhé,ﬁiéh ééé pfé;sures. High
' strength éhfome-mdlybdenum bolts,with.aﬁ ultimate-tensile |
strength of 125,000 - psi were used on the brake blind flange. :
All flanges were welded to the tubes (except the brake ' ;
blind flange which was removeable for cleaning the tube)
iA clrcular cross sectlon was used for 2ll tubes since 1t has
the greatest structural strength | | . _‘
~ The driven tube was made of five sections 39 1/Lk inches

; long, honed to an 1nside diametér (ID) bf'3.100_+ .009 or
3;5- .O02 inches, The wall thicknesé was approximately 3/4
;1hch., The brake tube was made from one. section of this size.

- The driver tube was a single tube zo-feet‘h inches long with
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‘& 3.360 inch ID and a 5/16 inch wall thickness. One end of
the driver had = flange for attachment to the driven tube
 and the other end had a plug welded in it to seal 1t '

| All flanges were 12 inches in diameter With a bolt
circle dlameter of 9 inches.: Bolts with a 1 inch major
diameter were used, Each joint had 9 bolts except the
ﬁaiaphrégm joiﬁté whére only 7 bolts were used to allow

1hsertion of the diaphragms."Three C-clamps were used on

' the brake-driven joint to help strengthen it. With the .

' . exception of the blind flange assembly, the flanges were at

leaét 1 3/8 inches thick. The brake blind flange assembly
=had one 2 1/2 inch thick flange and two 1 3/8 inch thick
fblind flanges. O-ring seals were used on all joints.

The driven.$ect16ns were ﬁligned-during'éséembly by
use of an ekpandable-pisﬁpngr.The piston was inserted at
1éach Joint anﬁ expanded against the tube walls while the
fiangé bolts were tightened. The driver and brake tubes
were nmounted on moveablelcartslto pefmit diaphrazm insertion
aﬁd cleaning of the tubes. .The brake tube alignmént was
achieved by two pins 1nserted:through both flanges at the
brake-driven joint | | | | |

The driven tube was bolted to flve stands each of which
- was in turn bolted.to a track in the concrete,floor by a
Asiﬁgle 3/8 inch diameter bolt, One bolt' was used to attach
Jthe extreme end of the driver tube to the floor. This

'method of securing thevpiston tube permitted movement of
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abeut 1 inch of the entire tube during an eXperiment
f Permitting this movement avoided any attempt to rigidly tie
rdown the tube while it was subjected to the extremely large
jdeceleration rorces.of the pisten {over 9000 bsi on the
brake blind flange) | | |

The purpose of the brake tube was to permit decelera-~
.itzon of the piston without the occurrence of extremely high

pressures on the brake blind flange. ‘To 1llustrate the B
‘joperation of the brake, the results of an approximate calcu-"
latjon will be given.~ The calculation determined the peak
pressure on the brake-blind flaﬁge for two tube configura-
'tienstf In one configuration the brake and driven tubes
Vf formed one continuous tube filled to a. pressure of 1 atm.

' In the other configuration,-thebtake-tube was eealed from
the driven tube with'a diaphragm. The brake tube was filled
. to a pressure of 50 atm end the driven tube WAaS again at 1
atm.
. The calculation aesumed that as the ehock reflected
back and forth between the piston and the blind flange, the
reglons on both sides of the shock were uniform."A perfect
gas was assumed The peak pressure on the blind flange in
the former case was found to be 57,000 psi but in the
latter case the peak pressure was only 12,000 psi The
- physical difference between the two cases 1s that in the
case when the brake was at 50 atm, the plston experienced a

~ high pressure much sooner then it did in the other case, As
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‘;a result, therpiston wasrslowed down over a lohger distance
with a *ower pressure. Thué; it 1s seen that from a
structural viewnoint it was desirable to employ the brake

. tube.

Pfessures on the or&eflbf'9000 psl were repeatedly
measured on the blind flangé forva plston with about the
 same acceleration characteristics and maximum velocity'as
the abové mentioned case. 'The-odéurrence of these preséures
is an approximate verification of the above calculations and
.therefore‘indicates that the driver gas leakage past the
~ piston was not excessive (a further verification of the
absence of gas leakage is the agreement betwéen theory and
_ experimént discusséd in the next-chantei) |

| An additional requirement for the brakg_tube was dis-

covered when the plston was driven with a moderately high
driver pressure‘of 860 psi in the non-brake configuration
(the brake-driven diaphragm wés’in place but both tubes were
gt 1 atm). ‘The pressure and temperature of the gas in the’
‘bfake ﬁube become so great during npiston deceleration that
hot gas leaked back between the piston and the tube wall and
cauéed the Teflon sleeve of the piston to expahd; ' The
eXpansion caused theApiston-to become jammed inside the
brake tube and the Teflon sleeve was ruined. The calcula-
‘-tions-bf the deceleration process showed that much lower

‘temperatures occﬁrredrwhen the brake tube was used.
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An estinafe-of the boundarj.layer growth 1n-£he snobk
larer was made by use of the reference temnerature method of
Eckert, 28 Increasing the inside dlameter and the 1nit1a1
" pressure of the driven tube reduce both the boundary layer
_growth and heat transfer to the tube wall (Stoddard2) -The

inside diameter of 3.1 inches and initial pressure of 1l atm. o

were felt to be sufficient. It was also found that if the =

non-brake oonfiguration had a veryllow initial driven presa.;¥
sure, the piston came very close'torthe blind flange, |
' The brake tube was designed with a safety factor of 3
_ for & pressure of 12,000 psi. The driven tube was designed
.for 4500 psl ‘with a safety faotor of 6 and the driver tube
. wag designed for 3000 psi Wwith a safety factor of 5. These_
“safety factors may not apply to the flanges of the driver
and driven tubes; however, these flanges do satisfy the
'Amerioan Standard criterion fnr'the above'pressures. It
should ba mentioned, however, that these safety factors are
based on statio loads and may not apply for dynamic loads.-
- The driver tuoe was filled to pressures up to 2000 psi and
lthe brake tube was filled to one half the driver pressure.
The Initial drlven tube pressure was always atmospheric.
The maximum pressure on the brake blind flange was approxi-
-mately 9500 nsi.;_' -.
The dianhragm material found most useful was 0, 005 inch -
thick Mylar sheet It was found that approximately one'

sheet was neoessary for every 100 osi of pressure -



: differential. Multilayered dlaphragms with‘up fo 20 layers
were used to withstand pressure differentials ub_to*2000 7
psi. The'ciamping technique used Was'simply to insert the
diaphragm between the flanges (both flanges had an O-ring)
and uniformly tighten the bolts.. |
" The eir supply and control system 1s shown in Figure

-1é. The alr supply for the driven tube was room temperature
end pressure air. The 10,000 psi valve on the brake tﬁbe
was cidsed after'the tuﬁe was filled. (Closing this valve
,prevented the high pressures which occurred during piston
deceleration from damaging the tubing and pressure gauges.,
| Numerious other piston tubes have been built and -

operated. See for example References 2, 13, 14, 29, 30,

and 31.

-Instrumentation

The instrumentation used during the motion of the
plston consisted of magnetic plckups to measure the piston
-_path and quartz pressure transducers. Data from these
devices were recorded on Polefeid'film*by use of an oscillo-
geope and camera. In addition, the tube pressures prior to
'rupture,of the driver-driveh,diaphragm_wefe ﬁeasured by o
epressure'gauges. Some compoﬁents;of the brake blind flanée
~ assembly were menltsred for permanent stsain bj&the use of
‘estrain gauges, Each of these items is bfiefiy described

below. 7 . . - ' - L ' .
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The'piéton path in the E ;T’ pléne wés'determined by
use of five type 3055-A subminiature magnetic pickups prd-
~duced by Electro Products Laboratories. The pickup is 1/4
inch in diameter. When a magnetic ﬁaterial moves near thé
pole plece at the end of thé pickup a voltage output 1s
produced, Hence aé the-piston passed each piékup a‘pulsé
' ‘was generated on the 6scillos¢ope trace. Two pickups were

placed in the first'section of the driven tube because the

" slope of the'pistqn path changeé most rapidly in this
regibn. The other three plckups were spaced at approxim-
 ately thrée foot intervals (see Figure 17). |
'Since‘voltage output depends, among other factors, on 
- the gap width befﬁeen the p_iston_ and the pole plece, the
pickups were inserted flush tb.the insiae diameter of the =
.drlven tube- (this was accoﬁpiished bjkvisual sizhting from
- one end of the driven tube),.fThetvcitage output was génef-
ally satisfactory with a vertical galﬁ on the 6scilloscope_
of 1 volt'per division. Each pickup should have given a
pulse fof beth the front and rear of the piston.. Occasion-
ally, however, a plckup would give iny one pulse instead of
two. The pulse whiéh didlappear coﬁld always beJldentified
as coming from the front or rear of the piston by compafison
‘of the data'withldapa from an experiment with approximaﬁely
‘ﬁhe»same.driver pressure. Since the principle of operation

of the_pickup is electric, the response time should be in

the nanoseconds, -
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Quartz piezoelectric bressure'transducers were mounted
in the wall of'the driven tube and the brake'blind flange.
This type oflpressure detector was chosen because of 1ts
very fast respouse.. Three Kistler Mbdel 601 L transducers
were mounted in the‘driven tube (see Figure 17) to measure
‘the shock path and the pressure distribution through the
- ‘shock layer. They were placed as far downstream as possible
in order to measureKthe shock near its peak strength. :.
'However, the last transducer was kept back about 31 inches
from the brage-drlven joint in order to avoid interference

 of the reflected shock with the shock layer pressure trace,
- -Furthermore, it was necessary ﬁo avoid exposing this trans-
i ducer to the very high pressures‘deveIOped in this region‘
due to piston deceleration. These - transducers will be
referred to as first, second and third transducer since they
are arranged in that order, the first.one being nearest the
driver tube. | o
| Calibration curves for these transducers were obtained
Zfrom the Kistler Instrument Cornoration. These curves were
checked by.operating the piston tube as a shock tube and
measuring the_shock uave speed for various driver pressures
(driven.pressure slways at 1 atm). The wave speed was used
e to calculate the pressure downstream of the shock wave,
Thls calculated pressure was comoared to the measured pres-

sure based on the Kistler calloration curves. The agreement
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between the calcuiated and measured eressures was gatis-
factory; |

An attémpt was made to use another type of quartz
pressure transducer preduced by Esprit Enterprises., These
‘rwere to be used to measure the eheck path during the early
stages of.shock groﬁth. - However, their sensitivity was so
low that they did not resnond to ihe shock Wave.

A single Kistler Model 607 L transducer was installed
on the brake blind flange in order to measure the peak preu-
sure there., This measurement not only served as a.safety |
meaeﬁre but also geve-some_confidence‘to the sealing quality
of the piston. The face of the transducer was coated with
Dow Cerning RTV rubber sealant to protect the transducer
from the high temperature gas, .,\H-f=‘ ‘ef- o

A Kistler Model 566 Multi—Range Charge Amplifier was
used wlth ‘each transducer.

“The rise time of the traﬁsdueers-was 1.5 to 3 micro-
seconds which was completelf adequate since the flow times
were on the order of lo‘millieeconds_(ﬁsee);

| Tﬁe outout from the magnetic pickups end pressure trans-
'.ducers was recorded on Tektronix, Ine. oscllloscopes and
photographed by type C~12 Tektronix oscilloscone cameras,
All connections were made with shielded cables. The-output
of the first and third transducers was recorded on a Type
555 Dualeaeam Oscilloscope and the-putput of the second

trensducer and the blind flange transducer was recorded on a
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Type 564 Storage Oscilloscopé.. The. 56& oscilloscooe was
7 operated in the storage wode and the output was Dhotographed
after the experiment. Both of these oscllloscopes are of
'thé-single sweep type. . The,output from the magnetio pickups
 was recorded on a Type 547 Oscilloscope with a Raster modi-
fication.‘ The Raster modification inoreased'the accuracy |
of the time readings by use of a multiple sweep beam. A
sample output is shown in Pilgure 19a.' The beam sweep began
1n_the lower left corner of the screen. Samples;of the out-
put of the other oscilloscopes are given in Figures 19b-4,
For all the traces of Figure 19, time is measured hori -
zontally and voltage is measured - vertically, The beam sweep
1s initlated at the left of the grid. ~ For Figures 19b-d the
vertical voltage deflection is proportional to pressure.
Operation of the storage oscilloscope in the storage
.mode was uasatisfactory for the magnetic pickups. The two
pulses from each probe were blu:red ihto one pulse,

- The accuracy with which'the presgssure traoe times could
) bs read was ﬁ_o.oj msec and the.accuracy for the piston path
trace was + 0.01 msec., The oscllloscopes did not introduce
significant error into tpe sweep times since their fise |
times are in the nanoseoonds; The voltage deflection on the
'oscilloscopes was calibrated by use of the voltage calib- . -
-rator on each osc1110300pe. The sweep rate of each.oscillo-.
scope was calibrated by use of a Tektronix Type 180A Time~

Mark Generator. . Photographs of the calibration traces were_ ,
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made in order.to_lhblude corrections for the.péraliax of the
cameraS.' | ' .-. .

‘The'bscilloscc‘wpes' were triggered simultaneously by the
electrical circuit shown in.Figure 20, A slight delay 1n
~ trigger sometimes occurred on the order of 0.1 msec. This

"delay was caused by looseness in the triggering wire |
attached to the piston. The delay was determlned.by matche
“ing the oﬁtput fromlthe first magnetic pickup with the
thedretical solution for the @iston path., Before this
trigger‘system was developed the oscilloscopes were trig-
gered bylthe first magnetic pickup. waever; the first
COmpiete comparison between the theoreticél analysis and the
eXpefiﬁental results broﬁght to iight significant uncertain-
ties 1ﬁ'th¢'time at which the piston motion bégan; Hence,
the trigger'sjstem of Figure 20 was developed, Figure 19d
is: tha*only data repeorted where the- oscillosc0pe was not
'triggered by the circuit of Flgure 20, _

Pressure gauges were used on each of the threé tubes |
to measure pressure prior to each run. All of these gauges
were callbrated. The driven tube gauge read absolute pres-~
sure to an accuracy of + 0,01 psi. - The driver and brake
ltube gauges read gauge pressure (above atmosphéric) to éﬁ
,accuraéy of 4+ 10 psi. ‘The readings of these gauges and all |
fother pressure 1nstrumentation have been converted to B

”. absolute pressure. The driven tube temperature was roon air
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tempereture and was deteimihed b& use of a mercury thermo-
meter.' | |

SR-Q.tjpe strain gauges were attached to several loea;
' tions on the brake blind flange; The resistance of eaeh of
these gauges was measufed after each experiment to see if
any nermanent deformation in the tube had occurred. No
permanent change in the resistance was ever detected

The 1nstrumentation used in this experiment was similar‘
.to that used on many piston tube facilitles. However, some
expe:imenters have employed alternate techniques. For
' exaﬁple, Belcher32 develoﬁed a'microwave resdnance technique'
which gave an almost continuous determination of pieton_
peth. Optical methods were used.by.Laponsky and Emrichéfto
meaSurelboth plston path.and shock path., They used Luclte
tﬁbing to transmit the light beaﬁs.. 7
| The dse of transparent meterial for 1nstrﬁmeﬁﬁation_
purposes demonstrates one of the design problems of a piston’
tube. Transpareht sections in a pietonktube are not PIBQ4
ticai'when high pressures aﬁdilarge deceleration forces
eccur as 1n the Dresent facillity. waever, 1h ordef to
study a strong shock wave, high piston velocities and accelw-
erations are necessary. . These high velocitiesKand accelera-_.
tlons require a strueturally strong piston which makes the
- plston mass increase.A Then the deceleration pressures
becomelarge, requiring a very high strength tube. Hence,.

the key to greater flexibility in the use of a piston tube
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is ingenuity in both piston design and the development of

piston decelerationstechniques; The'pistcn deslign effort of
this study is discussed in the next section, The decelera-
tion method used has already been discussed- however, somer“
additional approaches to decelerating the piston are discus-

‘sed under the Conclusions in Chapter VI.

~ Piston Design

The piston design was based on a design used by
Humphrey.lg' Pigures 21 to 23 show the various parts of the
piston. The body was made of high‘sﬁrength aluminum with
holes drilled in it to lighten the piston but still maintain
structural strength. Keeping the piston 1ight 15 important-
since this gives higher accelerations (which in turn creates
a stronger shock) without 1ncreasing the pesk pressure on
- the brake blind flange. The peak pressure in the brake is
the limiting factbr.in.thisrfacility.* {Figure 19d‘shows a
typlcal pressure trace for this flange;)

A Teflon sleeve was used to lower friction and help
seal the driver gas behindrthe'pistcn. The Teflon was force
fitted over the body and between the end plates to aid seal-
ing between the various parts of -the piston. One sleeve was
ﬁsedlon 18 high speed experiments_(driver.pressure on the
- order of 1700 psi} and showed some tearing but was still
usable. The lower speed eXperiments.did not cause much

sleeve wear. The msjority of the wear may have been caused
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‘by paséage'of.the-piston through thejbrake;driven diaphragm.
This diéphrégm was burst in the middle due to gas pressure
'and-then-“punched out" by the piston. In mosf cases, the-
piston_haa to pass over smali flaps whiph were not punched
A out. The ﬁigher piston speeds'also caused the sleeve to -
‘ expand somewhaty apparentlj'due to the higher gas tempera-
tures. . |

The face pléte was.origiﬁally‘méde from steel in oxrder

" to trigger the magnetic pickups. However, it was found that

" both the front and rear of the piston gave an output pulse
(Pigure 19a);-hence, the steel face plate was replaced with
an aluﬁinum féce plate which lightened the piston by about
2 1/2 ounces. For an initial driver pressure of 1?20 psi,
‘the effect of this change 1n mass wWas.to increase the final
| piston velocity by about 100 fps and 1ower_the peak blind
- flange pressure by 1300 psi. |

The original piston was 2. 851 1nches 1ong and Weighed
1 lb 7.3 oz. The 1ength was chosen approximately equal to
: the diameter because it was felt that this would be a stable’
configuration. _After this piston had been tested-ove: a
wide rangé of speéds, the body was shortened by almost an
inch to the present configuration.' The present_configura-_-
5rt10n weighS'lh.?B oz. At an 1nitia1 driver pfessure of
- about 1800 psi, the dfiginal piston had'g shock pressure
 raﬁ1o of 2.0 at the third tranéducef; For‘ﬁhersame dfiver

- préssure,,phe present piston had a shock pressure ratio of
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2.8 at the'third-trensducer. Comparing these pistons for an
‘initial driver pressure of’abeut 1700 psi, the lighter |
plston had a peak deceleration pressure which was 1200 psi
lower than'the'heavier plston. Hence, decreasing the pisfon
mass by aoproximately 8 1/2 ounces had a very significant
effect on increasing shock strength and et the gsame time
lowering the peak deceleration pressure,

In its present configuration, the piston may be as
“short as possible to maintain stability in this driven tube,
The tube sections "bell" outward somewhat at their ends.

One additional feature utilized on one piston of this study
was a small boss on the 1nside of the face plate. The boss
fit tightly 1ns1de the center hole of the body and kept the-

- face plate precisely concentric with the body. Precise '
'concentricity cannot be maintalined by machine screws. Such_'
a feature would probably be important 1f a stlll shorter
~piston were used in a tube with a more uniform inside
diameter. It may also be,pessible'to lighten the nresent
configuration even more by removing more metal from the
interior. ~The effect on niston speed of a given mass change
18 very easlly determined by a theoretlcal soclution for the
‘piston path, Alternate piston designs are dlscussed by
Stoddard2 and Xnoos. 20 | '
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Experimental Procedure

Preparation for an experiment required inserting the

| diephragms and the piston,'bolting the flanges tegether,'.i
| clesing the_pressure release valves, and preparing‘thel=
instrumentation. After the tube had been fired, the-pres-'
sure was released, data recorded, a safety 1nspect10n made,
-'and the tube was cleaned .

‘ Due to the high pressures and high piston speeds
ﬂihvolved (piston speeds reached 1400 fps), safety measures
.ihad to be continually adhered to. It became evident eariy
in the experimental program that memory alone could not be
relied upon_to perforp the many steps necesSary for complet-
ing a safe and successful experiﬁent. Thus a check list was
deve10ped and used fer every experiment. When the facility
'wss under high pressure, the author, who acﬁed as the sole
-operstor, stood behind a sturdy wood barrier elizght feet
_“tall.

: | The'step-by-step procedure'for conducting an experi-
ment will noy bes eive“. Prier'te each ﬂaf,cf epersticn,_an
1nspeetion was made to see'if ellisafety checks had been
‘made and the tube cleaned since the last run. A check was
also made to see if the alr supply tanks were at the necesg-
sary pressure. Then the oscilloscopes and charge amplifiers
”were turned on so that they had at least a thirty mlnute'

- warm-up period,
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- Next, the diaphragm was inserted into the brake-driven
joint and this joint and the blind flange Jjoint were bolted‘
'shut. The brake tube air-inlet valve was closed. Closing
this valve prevented en'accidental '£11ling of the brake.

A check was made to see if the driver release valve was
open {see Figure 18} and if all control panel valves were
-closed 'The piston was inserted into the driven tube one
- inch from the flange outer face and was immediately blocked
with the driver tube. The:one tinch insertion distance
. prevented movement of the pilston due to bulging of the
diephragm as the driver tube was pressurized ~ The trigger.
circuit was tied to one ef the machine serews of the piston.
_Then the driver-driven diaphragm wWas inserted and this joint
_ bolted shut., The driven tube release valve was shut. The
driver tube was bolted to the floor and the'floor.boltsron
the‘drivenctube»stands.were'iightenea.

Next the instrumentation was made ready. A check was
‘made to see 1if all the magnetic plckups and pressure trans-.
ducers were'conhected‘to the oscilloscopes. The oscillo-
scopes and charge amplifiers were readied for operation.
The driver release valve was closed, The brake tube was
filled and given a two minute leak eheck. The brake alr-
'1n1e£ valﬁe was then closed again.' Then the driver tube wss
 pressurized until the diaphragm ruptured. |
Following the rupture of the diaphregm, the pressure

"was released and each tube was checked for atmospheric
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pressure. The data were recorded and a safetycheck of the
facllity was made. The safety check included checking the
'atrain gauges,'inspecting:the blind flange weld fcr‘eracks,-
and'examihing the piston, Finally, the interior of all
- tubes was cleaned with a rag soaked with methanol.

The complete turn-around time on the facility was two -
or more hours depending upon the particular problems
"1nvolved. | | |
) This completes the description of the experimental
: equipmentlahd procedﬁre. In the following chaﬁter the
. results obtained from this facility are conmpared with the

theoretical analysis.



CHAPTER V.
COMPABISON oF FXP&RIN?NTAL RWSULTS
WITH THEORETICAL PREDICTIONS

The piston tube was operated for 61 experimenﬁs using
the piston and 60 experiments as a shock_tube. A1l of thése
exveriments were used to establish the operating character-
istics of the facility,.checkAbut the instrumentation;
develop operating‘procedures, and obtain useful data,
- Of the experiments in which the piston was used, ﬁwo
eiperiments were selected for comparison with the theory.
The theory is the method of characteristics which was
- described in Chapter III. These compayisonﬁwhave been
‘labeled Cases III and Iv. _Figures‘ébfthfough 29 are for
Casé'III and Figures 30 through”35 are.for Case IV.. These
figures are7discusséd'%elow.- The 4mitiel driver pressures

| for Cases III and IV are 1555 psi and 1875 psi reSpectively,

]

The remaining initial co onditions and the refe-ence conditions
are given on the wave diégram solutions in Figures 25 and 31.
The data for each‘of-the tﬁo cases were obtained'on_a
single experiment with thérexception of the second wa11 trans-
 ducer. An earlier experiment With_approximately.the'same'

driver oressure was used to provide data for the second

transducer. Using data from an earlier experiment was

.78
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necessary because on the later experiments'the second
transducer-waslhot avdi lable, Some ef the oscilloscope
traees for Casee IIT and Iv ere shown in Figure 19.

It was generally possible to dupllicate a given driver
pressure by only-ijjo psi due to the.methed of diaphregm
rupture. In spite of this variation in driver pressure, 1£
was possihle'te obtain excellent data repeatability from
one experiment to the next. This repeatability lends confi-
‘ dence to the accuracy of the meaqurements. The time
: Intervals between magnetlc pickup pulses agreed within the
_ accﬁracy with which they could be read; Likewise, the
differeﬁce between the shock layer pressures from one experi-

ment to the_next was less then'5%. The time interval on the
eressure treees between the passage'ofjthe'gheck and the
passage of the piston had less than 3% variation. Time
1ntervais ebtained with the storage'mode of the storage

' Qscilloseoge showed a somewhat greater differehce due to the
blurring of the trace. ’

Since the objective of this study is to understand the
formation of a strong ehock wave'in'fropt of a constantly
aceelerating piston, ‘the piston tube Was‘operated to as hlgh
‘a driver pressure as possible. As menticned earlier, the
‘limiting factor in thiswfacllity'wasethe peak pressure on
‘the brake blind flavge. It was felt that 9000 psl was a
reasonable 1imit which would permit both safe Operation and

‘accomplishment of the objective of the study.



. 80

A strong shock wave 1s distlsguished from a weak shock
:wave in that an accurate prediction of flow properties
- behind s.strong shock wavelmust account for the entropy
;ncresse across the wave, - The strongest shock.wave eXperi--'
mentally measured in this study had a oressure ratio of 2.8,
A weak shock caiculation (assuming an isentropic compres-
sion), with the same velocity change as this strong shock,
gives alpressure ratio which is a 1little over 1% higher.
Thus it must be said that the experimental shocks deveioped
.1n this sﬁudy were only moderately strong. ‘However, the
theoretical analysis of this study made no weak shock |
'assumptions; furthermore, the experimestal orogram achieved
'pressure rstios lsrgef thsn Lsponsky and Emrich6 or
Humph;ey.lq Ao additionalradvencement/oveflﬁreﬁious'studies
'fhss been the comparison of measured pressures with theoret-
ieal pressures. : c _

In the following: sections a comparison is made between
the experimental and theoretical results for Cases III and

IV, PFirst, the method of establishing the experimental

'pistcn path 1s described. This path serves as one of the

"_'boundary conditlons for the method of charactefistics solu-

tion. Then the method of finding the exnerimental shock
psth and its comparison with the theoretical path are dis-
~cussed. Next, the experimental snd theoretical shock layer

pressure distributions are compared. Finally,.the sources
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of discrepancy between the theoretical and experimental

" results are identified.

Pigton Path:

N The theoretieal and experimental pisten peths are shown
1h,Figures"24 and 30. The output from the five magnetic
"-ﬁickups is shoﬁn.' The time delay between the beginning of

| ﬁﬁe pisfon motion and the ﬁriggering of the oscilloscope wWas
determined by requiring that the output from the first
Vpickup fall on the theoretical path. : ';
The theoretioal path- was determined by integrating
5 iﬂewtonfs second law‘of motion. _ The driver pressure on the
-?;“piston_was found.by.the pressure-~velocity relation for‘a
simpie‘ware; Equetion (58). It was assumed that the piston
ﬁes-frictionlees;.the driven pressure was zero, the driver
, epeedlof seund:ﬁas ao = 11302fps,.and the driven and driver
: fube'inside diemeters were equal.' The assumptiens of a
simple wave, frictionless piston and zero driven pressure’
are Jery good in uhe early perticns of pistcn'moticn whers
the driver pressure 1s high. —The assumption of aDR;i = 1130
: fes, Whieh 1s the room temperature speed of sound of air, is

felt to be a good approximation when the driver tube is

—‘."filled to a pressure near the air supply tank pressure,

L ”Assuming equal driver and driven tube 1nside diameters is

an apnroximation consistent with the other approximatlons.

_ This approximation is equlvalent_to neglecting the
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.chamberage correction giveﬁ by Enkeﬁhus and Parazzoli,13

"The initial condftions.for the front of ﬁhe piston
(side toward driven gas) are Ep = 0.016 and'u-p =0 at
T = 0. The origin of the E axes is always one inch inside
the driven tube end flange (outer face) since this was the
initial position of the rear of the piston.,

The‘eqﬁations governing the piston motion were solved
by an 1teration technique which 1nvolved assuming constant
driver pressure for AT increments of 0.2, The e_ff'e'et of
cutting.bff te 0.1 was negligible, Stephenson33 presents a
closed‘form solution'tp'the piston path fpr‘fhe same essump-
tions uwsed in this study. It would probabiy be faster.te

use his results than to use an 1terative technique.

The-final‘experimental pistoﬁ'paﬁh, an impermeable
piston, end the ﬁndieturbed'driven'gas eonditions were the
boundary conditions for the methed of characteristics solu-

tion of the shock layer flow.

Shock Path

1 The'experimental shock path in~the E ,AT’ plane was
.determined from the three side wall pressure transducers.,
Figures 19b, ¢ show the shock layer pressure traces for
Case 111. The undeflected beam sweeps 1nkfrqm the left and
the first sudden Juﬁp (vertically)_is due to the shock wave.
~The beam deflection in the vertical direction confinues'to

increase as the pressure increases through the shock layer
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unﬁll a second sudden deflection occurs. This second sudden
deflection 1s due to the passage of the piston (the deflec-
tion at the rear of thé piston was used since it was due tq
the driver gas and was easily 1dént1f1ed). Pigure 19c also
shows the trace of thé driver‘gaé pressure which has a grad-
-ual decrease due to the expansion waves from thé rear of the
acceieratiﬁg plston. The magnitude of the driver gas pres-
Sure checks apprdximately with the values computed during @
the theoretical piston path calculation.
| The time interval between the passage of the shock and
.thg passage of the pliston waslused in conjunction with the
experimental piston path to give the ekberimental shock
path,  Using this procedure, rather than using absolute
ﬁimes.from thé pressure traces,'eliminéted small errdrs in
‘deteriining trace origin and errofs due to non-simultaneous
ﬁfiggering of the OsdilloSOOQES.:' |
' The coﬁparisons‘of the theoreticél and experimental

shock paths are given in Flgurés 25 and 31, The agreeﬁent
islseen td be fairly‘good.with fhé maximum discrepancy occur-
ring at the first transducer. Case III shows a crossing of
‘thertwo‘paths. A simllar "crossing" of the theoretical énd
experimental pressures also occurred, as will be discussed
"4in the next‘secﬁion. The wave diagram solutlons éhown in

" these figures are'feductions of the original gréphical solu~

tions which were done on large sheets of graph paper.

— 2
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It is 1n£éresting to note that for both cases the
theory indicates a growth in shock layer "thickness," Thisl:
growth occurs in both the § direction at constant T and in
the W"direction at.constant E . Expef;mentally, Case III
shows an inecrease In the shriock iayer thickness in the §

direction Sut‘a constant thickness in the ‘| direction,

Shock laver Pressure Distributions

rThe variation of pressure at each side wall transducer

is shown in Figures 26-28 for Case III and Figures 32-34 for
Cagse IV. Thece curves,giverthe pressure distribution along
a line of constant'g_ij1the'§ ,ﬁT)plane,.‘The solid lines
are theofy and the daghed lines are experiment, For each
6urve, fhe“far left is the pressurg qut downstream_of the
-shdck wave and the far:right is thé pressure at the front of
the‘pistoﬁ. The percent difference'betﬁeen the theoreticél
and experimental pressures at the Shdck and at the plston ‘
are given on each figﬁre. For Case III, é éimilar effect
© to the crossing of the theoretical and experimental shock
paths is seen in these figures. The experimental preésure
.curvellies above‘the theoretical curve in Figure 26. Then
'as the shock prozresses on down the tube in Figures 27 ahd
28, the_experimentél curve droﬁs down on and then below the
theoretical curve. | | ‘

‘  Figures 29 and 35‘give dimeﬁsionless'shock layer pres-

sure distributions at constant'jl. It will be recalled that
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the flow is self-similar when distributions of this type

'_coincide.r The flow seems to have a closer approximation to

a self-similar nature exoerimentally than it does theoret-

lecally. ‘

The discrepancy beﬁween théory and experiment for the

o shock path and shock.layer pressures -can be accouﬁted for.
A major sdurce of error‘for the theoretical solution is the

determinaﬁion of the_piston-path. This path was determined

by drawing a curve bétween*the magnetic pickup data points,

On one occasion, the piston path was drawn on two different
sheets of graph paper for the same get of data. The slope
of the path gave the piston velocity at any desired point.
It was found that.differences in the piston velocity between
the two curves gave differences 1nﬁcalcu1ated ﬁressures of
up to 3%. Additional.small errors occur‘in.thé theory due
to mesh size and P dharaéteristics drawn at the wrong slope
(recall discussions on these toples in Chapter III), Thése
sources of error, coupled with'éxpefiiental measurement
errors, are felt to acbount for the‘disérepancieé betweén
theory and experiment. The only_éxceﬁtion to this state-

- ment is the shbck,iocation and shock pressﬁre at the first
transducer.: These_rather 1érgé EXrTors afe felt to be‘caused
by uncertainties in the tnitial portion of the piston path.
How the plston path is shaped here depends on such factq?s
as how the diaphragm breaks, initial dynamic instabllities

of the'piston and s0 on. Laponsky and Emrich6.came'to-a
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- similar conclusion, They found that uncertainties 1n the
initial portion of the oiston motion caused deviations in

- only the early stages of shock growth.



CHAPTER VI
CONCLUSIONS

e The.numericsl.method‘of characterisfics for.one—dimeﬁ-
Nfional unsteady flow has been shown to predict the experi-
;fmentsl shook psth and shock 1ayer pressures. The predictioﬁ
cis Within_a few psrcent in the downsﬁream flow reglons.

. Some of the results of the method of characteristics
'_have.also bsen verified by alternste theoretical techniques.
 The shock layer waﬁe phenomena predicted Dby the character-
ﬂsistio.solution has been verified by the focused.wave solu-
- tion, a §,°lL plane analysis and reflection coefficient
iconcepts; The pressure and veiocity ohangésJﬁere approxi -
_msteiy‘vsfified by a focused wave solution.

It wss found that the compression'process changed from
”gﬁ issntrooic one to‘a-nonisentropic‘one. The result of _
this change is a shock 1ayer with strong gradlents in temp-
:.aratare, density and entropy and. a- very comolex wave systemn.
These gradients persist even when the piston velocity
- becomes constant and pressure and velocity approach uniform
values in the shock layer.  The wave system consists not
only;of the_pfimary‘or initial compression waves from the

.. piston, but also includes expansion waves reflected from the

87
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,entrcpj interfaces and from the shock weﬁe.' These expansion
‘waves then reflect frcm the piston, the entroey interfaces
ahd the shock wave . ‘Fer most problems, the reflected waves
are weak cempafed to the primary waves and the reflections
quickly vanieh. In cases where either the Mach number is
'very 1arge or the ratio of specific'heats approaches one,

the reflected waves can become very strong. The compiex

» " nature of this unsteady cne-dimensional flow is analogous to

many steady twc~dimensiona1 or axially symmetric flows.'
| Simolifications in the method of characteristics are
sometimes possible. _The simplifications include straight P
characteristics, neglectiﬁg reflected waves, and assuming
eelfrsimilar flow.' The aseumptioﬁ of straight P character-
istics becomes less accurate 88 the shock strength 1ncrease&'
The assumption cf neglecting reflected waves was mentioned
above, The eccuracy of the self-similar assumption depends
on how well the piston path agrees with an exponential path.
Pressure measurements 1ndicated tnat_tne flows of tnls-stuay
were epproximately self—similer.

_ | The characteristic mesh size ﬁas found to be critical
only fcr the shock'during'its neriod of initial growth,

In the operation of a plston tube facility, it wasl

found that a high pressure qection at the end of the driven
" tube was very useful.: Such a section reduces peak tempera-

: tures and cressures during piston deceleration.
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Aé_a result of the work carriéd out during this péripd,
additional étudies in the followihg fouf principal areas are
'suésested:- | o : |
(1) Sinqe'the theoretical model has been verified
experimehtally,tthe theory can be used.fér analyzing various
‘Tlows. These analyses would best be performed by means of a
- conmputer brogfém. Areas which should be studied include:
| (a).The sensitivity of the resultant flow to the
| piston path for an ldentical final piston
- velocity
{b) Whefher a piston path with:an acceleration
o  which increases with time éauses-shocks to
form within the éompfeésion wave (Referehces 6

' and 19)

(c) Under what conditions thelsimplifying assunp-
* tions for the gharacﬁeristic solution are -
'accurate
(@) The effect of specific heat ratio
In making such investigations, areas for the practical
avplication of the results should be sought, |
tZ) Another_useful extension would be the study of
étronger shock WaVBS.. With a proper1y~desiggpd faciiity it
- would be intefestiﬁg-ﬁo see how well the theory of this
study compﬁred with experimental resulfs for strong shock
waves, If a monatomic gasrwere'uéed instead of a dlatomic

- gas, fhe effects of chemical reactions could be delayed to
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hiéher Mach'nuﬁbers. Argon is preferable to helium because
the speed of soundrof helium is 80 1arge that the driven |
tube lengths required to form a shock wave (see Equatien
(12)) are unreasonable. In addition, the theory counld ee
extended to the study of shock formation when chemically
reacting gases are 1nvolved so that ﬁhe effects of non-
equlillibrium in the gas can be studied. | |

{3) A piston tube facility ﬁay be useful in studying
1nterm01eeular forces in the high‘pressure gas created dur-
ing pieton deceieration._ Enkenhus and Parazzolil? have
taken intermolecular forces into account in computing the
conditions of their test gas.

" The plston tube may also offer advantages in studying

ehock-ignited detonations since the piston acceleration can

" be selected whereas the acceleration of the flame front is

inherent in the system: The piston face 1s a plane surface
at all times, which cannot be said for the flame. The;‘
Plstoh alse-meintains-an excellent'iselation of the driver
- and driven gases. For example, even though expansion waves
‘exist on the rear of the piston, the front of the piston
"will continue to send out compressien waves as 1ong as the
_ piston accelerates, On the other hand, in a shock tube, the
expansion waves can catcheun'with the shock weve._

{4) Additional studies should be performed to deter-'
mine means for decelerating the piston without the oceur-

rence of very high pressures‘and temperatures. Possible
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approaches.indlude an open-ended driven tube‘whlch would
permit deceleration of the piston by means of an external
device. It.might be possibie‘to use a heavy care filled
with a foam such that both the foam and movement of the'ﬂ
cart would absorb the kinetic enerzy of the piston. The
foam would also. prevent damage to tﬁe plston. Another -
‘approach might be use of expendable plstons which were
decelerated in such e'device. In this case en 1nexpensi§e

' piston made of paper or plastic_could‘be used,
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APPENDIX A
_ FOCUSED WAVE CONSERVATION OF ENERGY

 ° By use of the closed form solution for the focused wave
piéton,path it 1s also possible to obtain a closed form
expression for the conservation of energy. The pistoh'work.

' done_oh the gas from t = o to t = tg, focus time, is
‘ tF tp . a
: — . — *x
'.vqf’-*'“g Fe dx ﬁ‘,( (f\T'fﬁb (?IE? a4t
g ' s o -

The piston will in general accelerate from t = O to t = tp

and maintain a constant velocity-uf from then on (see Figure

o lb), Since a simple wave i1s assumed,. the pressﬁre on thé

plston is constant after ta at,the‘value pf.‘ Thus, the work

per unit eross sectional area of the tube, AT, is
f*" U_Pclt + —&U‘C(T_ t,g (1)

where

(2 ) .
| ’P “Ff(uf)

. so that the above 1ntegrand 1s an easlly determined function

of time. Thervelocity up(t} for a focused-wave 1s given by

_95"_a.—
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Eqﬁation (10), and the pressure on‘the viston face 1s Just
the pressure behind the isentropic simple compression wave

‘and is therefore;a function of the velocity'
o 2%
X2 Y ¥ 49)
—fﬁ,[Ufg “f; [:_k ' 23;] | (

Wwhere thgfsign in front of the velocity is positive because

‘the wave moves in the direction of positive velocities (to
the right) The initial gas state is Pos Po and uo =0,
Substituting ?quation (10) into Eouation (h?), the pressure

on the piston face becomes

t ' (50)
Jﬁf( ) (‘__ _m_i) K+4 .
Substituting Equations (10) and (50) into (hB) results in
two integrals which afe evaluated by the use of standard
' 1ntégra1:tab1es. The final result for the piston work 1s, |

after rearrangement and use of Equation (12)

o , —-2_(! — =
ey Xt |
“Aq =fox FQs—l)z U_ A) -—->z;”j"" +
+'F§_thP(_%>_ B2 R

This is the piston work per unit of flow cross sectional
erea, done on the gas fromt = o to t = te. The piston accel-

eratesrfrdm t=0tot = tA-up to velocity Ur, and moves at
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constant ﬁelocity from t = t, to t = tp. The work can be
‘computed by sélecting the gas and its initial state, initial
vlston aéceleratiqn Ap,i and final pistoh veloelty ur. ._The
acceleration Ap j determines xp and tp from Eauation (12),
and the velocity uy determines t‘A'by Equation (10) and pe by
" Equation (49). The condition ty < tp must be satisfied or a
new Ap,i or ugy must be selected, | |

| The next sﬁep in the energy analysls is to compute the
":c;hange in energy of the gas bet;a\reen %2 =0 and x = Xp at tp.

| The total energy of the gas 1s the sum of its 1ntérna1 |

enérgy and the ordered kinetic energzy of motion
. N N a

where m is the mass of the gas, For a perfect zas the

internal energy per unit mass is .

=1 5

and the equation for the speed of sound gives .
£ =& - (52)
5 % . ‘

Thus, the change 1n total energy between states uo', Po"?o
and Ii,"D;f‘ iss: "

AE _ 34 -P/ﬁ,'“_' : U

i —_—

T D T Y B

=
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For a simple wave the density distridbution is given by

) 2 _ _
5{) :(l-i- = ;)““ :(i)x (53)

So the total energy increase becomes

AE _ 3.
E = _U+( ) (54)

The mass of gas under consideration is conveniently found .

-from 1ts initial state
M =5 Ar K (55)

8o by use of Eguations (55) and (52), Equation'(54) gives

the total energy change in the focused wave as

AE,.» . 3¥-] Y Us | (56)
- A-r ‘Fox E+ ( 4 ) a'—‘] :

The final step 18 to equate the piston work, Equation (51),
- and the ehergy change in the gas, Equation (56). Note that
both eguations have the samé dimensions., When these egua-
tions are equated and Pe/Pq is repléced by its funection of

uf/a from,Equation (h9), the result becomes

¥+ 1—-1(( t “l 4o
T (- )4—- '

e 2FE(- - 2hend] -
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”ihé rééult'is-a relation bétween ta/te and up/ag. Equétion
(10) is a known Eofrect relation between these séme quant}-
ties. If Equation (10) is used to eliminate tA/tF from the
left side of Equation (57), then the left side becomes

1dent1cal to the right side. This completes the proof that

" 7the piston work done on the gas between t = 0 and t = tF
Wah_equals the energy 1ncrease in the gas caused by a simple

- wave only in the same time (the only gas affected lles

.;between X =20 and X = Xp).



 APPENDIX B .
EXAMPLE CHARACTERISTIC COMPUTATION

" Some detailed notes for conétructing'a typical'P
chéfacteristlc are givenlin this appendix. The character-
istic 18-23 of Figure 5 will be discussed, "
| First, point 18 is computed. -The piston velocity is
known., -Q is found by interpolating between points 12 and 17
where the Q at 17 must be found first from known conditions
at 13, | | |

~ Second, to ald in the 1ntéfpolation of Q values, ah
estimate of the entire P characteristic is sketched in.
Estimated particle paths are also sketched in from the

'prededing P characﬁerisﬁic up £o.the present one, After éll
calculations are complete for the P characteristic, these
sketches are revlaced by accurate lines. _

Next find Plaﬁ 19 by crossing the entropy interface
froﬁ_lS.' Q can be estimated by noting the drop in Q in
other entrépy strips: Q3 Qg - .01:  Thls value can be
checked later in fha calculations. The best_accuracj seems
to be obtained by basing all Q values on the average Q
values. Thus 1t is better here tolinferpolate for Q rather

than take Q7 and cross the entropy interface.

100
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Pind P at 20 by coming along the P characteristic from
_19. Get Q at 20 by coming along the Q characteristlc from
15. In both caees an ehtrocy sjnterface is crossed.
. Compute point 21 similarly to point 19.
Points 22 and 23 are computed simultaneously by itera-
tion. First, estimate Pzz; Then compute the shock strength
‘at 23. Then average the entropy at 23 and 16 to get the
'entropy for the strip between these two shock points. Then
'acompute Pzz by crossing the entropy interface from 21, 1If
-the computed value of Pzz‘is not close enough to the estl-
;mated value, try a new value of Pppe Next, as explained in
the text, compute an average Q. The average Q can be com=-

puted by either of two methods, which agree + 0,008 in- the

i

" -yalue of Q. One method 1s to average’ ‘the Q values at 16 and
23. .The other method is to'use the average entropy computed
'for the strin and use’ the shock tables.r Then, point 22 can
" pe completed since both P and Q (the average Q) are known.
“Point 23 is ccmnleted once the shcck strength 1g determined.
Note that as the particle paths and Q characteristics
are extended from the nrevious P characteristlc to the one
just computed, more 1nterpolatlon 1s necessary. Take for
‘exawple the particle path whlch crosses the P characteristic
| between oolnts 19 and 20. The slope of the nartlcle path ‘at
this intersection is an average of the veloclties at these

two poilnts.
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:After.the piston has come to a steady feloclty at
’T’g‘o.s, no more strong P COmpression waves comé from the
 §iston. Thus at a polnt such asr24 where only Q is known,
£E.can be.estimated by assuming‘the value for point 19, If
it is desired;to know only the effect of .a characteristic

from the plston on the shock, wi thout computing 2ll the
 intermed1ate-po1nts, the change in P across the whole shock
layer can be computed in one step. Then draw the P charac-
‘teristic in as a gstraight line with éhe slope it has at the
-"piston. (This approximate slope 1s even good in the strong

compfession region, however.it 1s not good there for a Q
characteristic, ‘The chaﬁge in @ can similarly be computed
across the whole shock layer, Such a comoutation also
 serves as a good veriflcation of the step-by-step calcula-

tions. These verifications were made for Case II.



 APPENDIX C
1sENTROPIC F, U PLANE

For isentronic'compression or expansion between stetes

. p, u and. pl, ul the simple wave analysls gives

ﬁhei'e = v/p... The slope of the G)u curve is glven- ‘by
o*

the derivative of the above equation

| - x+|
_"A(P“_‘__-‘;G’. S T
AT ¥z ‘5”

In both of the above equations, the plus sign 1s for P waves.
(right moving, i.e. in direction of positive veloecity) and
the minus sign. is for Q waves (left moving). The P and Q
‘ waves may be either compression or expansion waves., Expan-
'”f”sion into a vacuum, G> = 0, glves the extreme values on the
velociey; Prom Eduation (58).these are

°1.L max = _‘.._ —'S_i_i_ @, + L, tQ Wave  (60)

™in P wave

103
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Consideration of the bracket in Equafion (59) (and
making use'of Equation (60) for ﬁhé Case.of an expansion)
;shows that ﬁhe bracket.is always positive. Thus the SlOpe-
- 3in the G’ q}-plane is always nositive for P waves- and :nega-
tive for Q waves.  Also, for h‘lgher 1nitial temperatures and
Ai?the same initial pressure (therefore .higher entropy), the
:H;ab501ute valge of the slope decreases,
| a Fér isentropic simple waves, 6ne Rli'emann variablé is
always constant throughout the whole ‘flow. For P waves, Q
'i"_"ijs éonstant" and for Q waves, P'is constant. The constancj
"of a Riemann variable can be verified by plotting Equation
"-_.-'IT(SB) for a given S- Sge Fixing S S, and GD determines CRl
by Equation (23) (with -S-So in place of S}). Then d can be
-‘{“co.mputed at each #oint'on the curve of- Eqﬁation (58 ) vy
' --1sentropic rela.tions and then Q or P found from the defini-
"tion of @ and P, Equations (13) and (14). Figuré 6 gives the
results of a sample calculat-ion. , | | _
‘I‘he effect of initial. conditions, (Pl’ '_U-l, on the
- eurves ocan be eli.minated by always choosing the ref‘erence
.conditions, Pos Bgs to . be equal to the initial p and u (i.e.
GD ='°U_1 =1). Then a given 8«8, will always plot the same
_.curve. Thus choosing‘ G> CU,. =1 has no fundamental :
f_'effect on the '} GU. plane and it can be made. universal in
nature similar to the a ,’U_ plane.. However, the d.,au-
plane does differ in that P and Q are. defined functions of
- &'and‘u. so. that any a, can be chosen, When both a (P,QU..
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“and lQ,QA4_plane are beihg used'simultaheously, care unust be
exercised with-reqoeet to the refereﬁce conditions.

In.a given flow oroblem, P1s U1, 2nd ay are known, If
&G."lLl = 1 are chosen, then p, and a, are fixed Since

N [Flris then fixed, S-S is fixed by Equation (23)

- The. effect of entropy on the curves enters as an

Tj ?entropy difference between that for the particular curve and

“lthhe reference value, S,. In working a particular problem,

'f:?the value of S-S, for each region of gas must be known. The

. f;alue 84 = 0 can be used only if entropy tables have been

‘chosen. If an

- prepared with a base of 8 = 0 at the ?os 84

“analysis were made'of the gas in the shock layer and Pos Bg

,f;were chosen as the local p, u, then py, a5 would not equal

the values in the undisturbed gas ahead of the shock, There-
fore So £ 0 sinoe Sg = 0 is true only in the undisturbed gas
according to the procedure used in this study (S, = 0 1n,the
undisturbed ges‘is conﬁenient because shock tables such as
in Beference 17 give the entropy increase across the shock)

' Thus, 1t would be easiest to keep & ; =U; = 1 (and there-
fore use a universal set of G’,ql_-plane curves)gand compute .
8-S, by Equation (23) as discussed above.

CoIr new. 1n1t1a1.cond1tions‘are chosen, such as GD -1 5,

L ﬂll = 2.5, the same Q and S-S, or P and 5-S, will not ocour

together on’ the sane curve as for 6)1.-1L1.= 1. Also,
1rregardless of whether Q (or_P).or-S-So'ls malntained

constant, if new initial 'condi'f_ions are chosen and Ql -
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changes, then the shape of the curves will change, See
Figure 6., However, if only‘?ll changes, the curves will

simply translate to a new location.



| o _ TABIE 1 |
. Method of Characteristic Solution of Shock Layer for Case II®

_ (1) (2) p=(1}(2)(14,.7)
“Point® Q Ty a a’ e~¥S pst
00~ 3,000 0 1.000 1,000 1.000 - 14,7
842 3,000 0.42 1.140 - 1.926 1.000 . - 28.13
. 583 3.000 0,791 1.264 3,22 1.0000 . hL7.3
.63 3,045 0.797 1.280 3.44 . - 0,938%5 _ b7, b
.225 . 3.000 1.113 - 1.371 4,85 - 1,000 . - 71,2
82 3,039 1.122 1,388 5.15 - 0.9355 - 71,0
381 3.132 1,123 1.419 5.75 S 0.8322 704
753 2,991 1.379 1,458 6,60 - 1.000 C 97.0
812 ° 3,033 1.390 1.475 7,00 ©0.9355 - 96.5-
917 3.124 - 1.395 1.508 7.80 = 0.8322 - 95.5
056 - 3.253 S 1.401 /1,552 . 9,00 - .. 0,716 . . 9h,9
943 2.972 1,486 ©1.486 7.26 . 1,000 . 106.9
126 . 2,975 1.578 ~1,517 8,01 1.000 _ 117.9
187 3.02 1.583 - 1.534 8,48 0.9355 114.8
. 296 3,115 - 1.590 1.5A8 9.49 0.8322 - 116.1
6.439 3.245 1.598 1.614 10,95 - 0.7165 | 115.5
6.581 3.382 - 1,600 11,661 12.62 0.619 - 115.0
3,00 _
.102 - 2.945 1,578 1,508 7.80 1.000 114,56
.163 2.970 1,600 1.523 8.20 . 0.9355 - 113.0
271 - 3.102 1.582 1.562 9,30 0.8322 114,0
L1s 3,238 1.588 1,609 10.8 - 0.7165 114.0
557 . ' 3.377 1.590 1.655 12.4 0.619 , 112.9
629 3. 446 1.591 - 1:679 13.3 - 0.580 113.2
3,241 o ,
2.994

0T



Table 1 (Continued)

- (1) (2) p=(1)(2)(14.7)
Point® P Q U a. as o-¥5 oet
AL 6,091 2,933 1.578 1,504 7.68 1.000 112, 9
3 . 6,152 2,991 1.581 1,524 8,20 0.9355 113.0
36 6.260 - 3.098 1.582 -1.559 - 9,20 0.8322 112.5
37 . 6,403 3.234 1l.582 . 1,607  10.7 .. 0.7165 112.8
38 6.545 3,374 1.587 1.653 12,4 0.619 S 112.8
39 6,617 3. 445 1.588 1.677 13.2 0,58 112,6°
40 6.624 3.451 1.587 ©  1.680 _ o
b5 : 2.918 1,578 L ' -
L6 5.649 - 3.124 l.262 1.462 6.70 0.87322 82.0
47 - 5,85 3.028 S 1.410 0 1,480 - 7.10 - 0.9355 - 97.7
- 48 5.282 3.039 1.1 70.6

.122 1.387 . - 5.1L4

0.9355

- Argon, ¥ = 1,667

Initial Conditions:

T1=
Py =

' a) Table computed with the following gas:

53%.7°R, a4 = éi';_losz ft/sec

0o =

< 14,7 psl, =0, 8, = 8 =0
| Therefore ai = 1, ’U.i = 0, Py = Qi =

3

" b) Points and strips in Tables 1-3 are located on the wave dlagram 1n'Figure 5.

" BOT



TABLE 2 0 .

Method of Characteristic Solution of Shock Wave for Case 118

B | (1) |
Point - P* Eeiern) Mge=W= (32) f‘-%%-j;‘L-l-zﬂL" Sreqr p"-.z_(;;_‘f;uﬂ)'sef..s':sv Q-
_3‘ 3,842 0.842 1¥31u 0.1l :,1,1u3. .91 28,1 10.013 ‘3.015,_'
6 4,635 1.635 - 1.645 0.778° - 1.286 3.14 | 46,1 0.0675 3.080
C 11 50381 2.381  1.969 1.096  1.428 160 67.5 0,153  3.188
16 6,056 3.06  2.265 . 1.367  1.562 6.16  90.5 . 0.248  3.323
23 6,581 3581 - 2.4oh L.570  1.670 7.53  110.8 - 0.327 3,440
- m 6.629 3.629 2,516 . 1.589 1.680 7.66 112,68 0.335  3.451
B 6.624 3,624 2.513 o 1.587 1;6?9:.7.6u" ' 112,1 '0.33u3"3.u505
.a) Conditlons ahead of shock are Initial Gas Conditions: P! = Q' = 3, W' = 0, @' =1,
e - | §' = S5 =0, p' = 14.7 psi ,
¥ = 1,667

60T



TABIE 3

"Entropy Strip Results for Case IT

Striv 5 SRr-St, (R-L)
1 0.005 0.034 (2-1)
3 0.1103 0.0902 (4-3)
4 0.2005 - 0.087 (5-4)
5 " 0.2880 ‘0.043 (6-5)
6 . 0,3310 0.004 (7-6)
.7 0.3350 L
8 0.3345
" TABIE 4

. Piston Path in Time-Distance Plane, Ihcluding
Velocity and Acceleration, for Case II®

—

. 0.0%

g E Up fp

0 o 0 :
.0,00526 0.210 L,21

0.10 0.021 ' 0.420

0.15,. 0.0L66 0.£05 3,71

0.20 0.0815 0.791

0.25% 0.1251 - - 0.952 3.22

0.30 0.1767 . 1.113 '

0.3% 0.2359" "7 1.246 2.66

0.40 0.13016 1.379

0.45 0.373 1.478 1.985

0.50 0.450 1.578 '

a) WUy = 1.578  for

_ Ap =0 for

110



 TABIE 5

Shock Reflection Coefficient for Myr = oo

111

¥ 1.667 1.4 1.3 L2 1 1.05
rs -0.0213 -0.0628 -0.0938 --0.148 -=0.261 -0.388




. TABLE 6

' Compariéon of Cases I and II®

Expansion due to Reflection

Primary : of Frimary Compression From
Compresqign : Shock (and Entropy Inter- "~ Pinal Shogk
Strenqth faces for Case II) ' Strength
D B 4u_ i _Dvpgeriected °u_f—‘u.1_ D P | WU
P Py ApInitial Compre ssion Wy pl Py
3 -~ 8.30 1.578 rg = - 0,0549 2.85% 7.90  1.623
@sel TRy ey 7T -3 X ) I (5 B
. 8,01 1.578  (Incident: 1-18) . 2.20%. 7.53 . 1.570
Case IL (18)  (18)  (Reflected: 2-3%, . {2-34) . (23} " (23)
o . Pavg = 6) ‘ T S ‘

a) Points on wave diagrams are in parenthesis

b) For Primary Compressions and Final Shocks: ﬂli = 03 p/p1 1s for Case I,
p/n1 is for Case 1T

ARS



Piston Path

. Shock Wave

Expansion
Wavelet

Compression Wavelet
(Primary) :

_rk——Particle Path

e
t 1 . - Reflected Expansion
"1 Piston |
Path '
- . 1
Entropy
Interface
-Shock Wave

Foeué Point

~Compression Wavelet . -

113

L -
XF 7 - X

Pig. 1. -Vérious Compression Wave Patterns
. in the Time~Distance Plane

. a. Dispersed Wave

b, Focused Wave. Flow Rezions
for Fig. 2-4 are numbered.



Dimensionless Pressure, &

1.2 1.4

Dimensionless Velocity, UL

o Final Piston Veloelity
Isentropic Expansion
8 Isentropic Compression
f ' ' 3,4
7}
: Final
State |
0 ] 1 ' [ P ] b L ] K .
0.2 0.14- ’ 0‘6 0.8 1.0 1.6 1.8

Fig. 2. Focused Compression Wave $,°l. Plane for Case I.

Reglions 1-4 Shown in Fig. 1b,

= 1,667, Flow

41T



- Dimensionless Speed of Sound, a

1. ' . , . L
w 0 0.2 0.4 0.6 0,8 1.0 1.2 1.4 1.6 1.8

[
- -
o

Final  State Velocity m-sd

“/i/

\_;

o
-
¥

Final Plston Velocity

Isentropic Expansion
P=6.153

=

.

N
]

‘IsentrOpic Compression
Q@ = 3.000 :

N 1 ] ) I 4 {

Dimensionless Velodity,ﬂl_
Pig, 3, Focused Compression Wave fﬂ,ql- Flane for Case I,

‘up =0, ag = a3, ¥ = 1.667, Flow Regions 1-4
Shown in Figure lb, " D

st
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' Dimensionless Pressure, §

1k

\+——-—Hugonlot (Shock Wave)

\
\

Isentrope (Isentropic Com-
pression and Expansion)

!

0

5.0

0.2

2.5

0.4

]
1.668 1.25 1.0 .833 W710
Density Batio,j%{ﬂ.
0.6 0.8 1.0 1.2 1.4
Specific Volume Ratio, v/vl :

~ Fig. 4, Focused Compression Wave'p,v Plane for Case I.

¥

1.667, Flow Regions 1-4 Shown in Figure 1b,

CANS



Dimensionless Time,’?l:

0.5

Lo = 2k £t, 8, = 1052 fps, t, = 0.0228 sec = 22.8 msec.

Piston Path ———m
OQLI' e )
: - Entropy
fo 0 Q Wave — . Interface
B | ~ (Particle .
0,3 L . 7777 )
Shock
Wave . -
0.1 | ‘ S
Entropy Strlpl N 'I ‘ -
1 l 2 l 3 ' 4
0 A | | N | l
O 0-1 0.2 003 ! O-LJ’ 0.5 - 0.6 O.?
S Dimenslonless Distancg,‘g '
;@37 B Fig. 5a. Wave Diagram Solution for Case II.

LTT



‘Dimensionless Time, |

On P wave 25-28:291 30 in strips 5, 6 respectively,
31 shoek point., On P wave 34:35, 36, 37, 38, 39,

Additional points not shown:t

40 in strips 2, 3, 4, 5, 6, 7 respectively, 41

= shockIPoint.' 3.
_ 551
| ,,/’)/,
/ 7
i g /// //3 e
e -~ N g
- e o
S
B 55~ =16
75 _ I Entropy 'Strip 5.
18 : .
,4“f' A a2 ] e 1 ;

0.5

0.6 0.7 0.8 0.9 . 1.0 1.1
Dimensionless Dlstance,'g '

: Fig. 50. 'ﬁave.Diagram Solution for Case II;

2
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Dlﬁehslénless Pressure, | 2

Q Waves (I,Pf‘t Moving
Waves) _

‘éCompression

: i1 Compress1on
Expansion’

Expansion
Initial Conditions

. ' :‘: ) . P = 1-5’- u= 2-5
Initial Conditions ¢ =# 1, W =1 :

[ f L t ! l -

OO
. N
:—1\
RERF 3 3]

||

N O

O ~)
L. (N

in

[ I s

L ¢ ]

in

O

_o' | 0.5_ 1.0 1.5 . 2.0 2.5 3.0 3.5 .

Dimerisionless Veloecity, UL

Fig; 6. @ ,U. Plane for Isentropic: One-Dimensional
Wave Motion. ¥ = 1.447,

et
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Dimensionless Time, T

Ny

" Dimensionless Pressure, (P

 Reflected
Expansion
Incident.
Compression
Transmitted
Conmpression
1 Entropy Interface
Dimensionless Distance,E
Reflected Expansion
: : S
1
Incident —=Finagl
Compression . R State
| . B5rE
3,4
' Transmitted
- 1,5 - Compression
Initial State
L

Fig’- 7! ‘

‘Dimensionless Velocity,‘u_

Compression Wave Moving From

Region of Low to High Entropy.

- Numbers Indlcate Flow Regions,

a, "l’ " E Plane
h. @ , . Flane
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Shock Reflection Coefficlent, r,

121

| Shock Wave Mach Number,. M.,
1 2 3 4 5 6 7T 8 9 10 111213

I B e e

-0.004-
' -0.008
~0.012

-0.016

-0.020{_ .
 Asymptote = ol .

~0.024

'Fig; 8. Shock Reflection Coefficient as
: & Funetion of Mach Number, :
Y = 1.6671 : '



Dimensionless ™me, T

Dimensionless‘Speed of Sound, Q_

122

% Pafticle Path
P3 > Pp
A
oo
]

Dimensionless Velocity,'u-

Pig. 9. Interaction of Isentropic waveé
' . Moving in Opposite Directions.

- a. E,Y Plane for Compression
- and Expansion Wave Inter-
action

b. Q,U. Plane for Compression
and Expansion Wave Interaction



Dimensionless Tlnie,T |

Dimensionless Sveed of‘ Sound, Q '

Pr Py

QBAC. Qz
Qo <.Q1
¥

Dimensionless Velocity, U |

- Fig. 9. Interaction of Isentropic Waves

Moving in Opoposite Directions.

-G §,‘T Plane for Interaction
' of Two Expansion Waves

‘ d.. a,'U..‘ Plane for Interaction
of Two Expansion Waves
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Pressure Hétio,

1.9

1.7h.

1i6b.

1.4

1.2

1.3
|
1_5. t ! _1 A
0.6 0.7 0.8 0.9 - L0
Distance BRatio, g/g“ -
Fig. 10, Shock Léyer“Pressure.Distfibutions

- During Piston Acceleration at Two -
. Pixed Times for Case II. The Left-

End of Each Curve 1s at the Plston.
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Temperature Ratlo,

1,20

1.04

1.12

«100

|

| l L

- 0.6

 Pig.

0.?. 0-8 '_ 019 1'0

11.

| Distani_:e Ratio, §/§ "

Shock Layer Temnerature
Distributions During Piston
Acceleration at Two Fixed
‘Times for Case II. The A
Ieft Znd of Each Curve is

at the Piston,



1.6

Densi'ty Ratlo, j’/y" |

“126

.
_ = 0.k
1.4 - 0.5
1.3
;‘1‘-2_
1.k

0.6 0.7 0.8 0.9 1.0

‘ Distance Ratio, §/<§"
Fig., 12, Shéck Layer Density Distributions

During Piston Acceleration at

- Two Fixed Times for Case II. The .
" ILeft End of Each Curve is at the -

Fiston.



- Velocity Hatio, u /U

1.6

1

1.0l

127

1.k

1.3

0.4

11

0.5

. Pig.

0.6 0.7 0.8 0.9 1.0

Distance Ratio, g /g "
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a. 1 msec/div hori-
zontal sweep rate

1 v/div vertical
gain

b. 2 msec/div:hori-
zontal sweep rate

2 v/div vertical
gain

Typlcal Magnetic Pickup and
Pressure Transducer Traces

g, Magnetic Pilckup Output,
Case IV

b, First (top) and Third
(bottom) Side Wall Pres-
sure Transducer Qutput,
Cagse III



¢. 2 msec/div hori-
zontal sweep rate

2 v/div vertical
gain

d. 5 msec/div hori-
zontal sweep rate

2 v/div vertical
gain

Fig. 19. Typical Magnetic Plckup and
Pressure Transducer Traces

¢. Second (top) and Third
(bottom - not used) Side
Wall Pressure Transducer
Output, Case III

d. Brake Blind Plange Pres-
sure Transducer Output.
Pirst Peak 9200 psi,
Second Peak 6700 bst
Piston Mass 1 1bh 1 % oz,

‘ pDR’i = 1735 psi
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Fig. 25. Wave Disgram Solution for Case III and Comparison With .
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Flg. 26, -Theoretical and Experimental Shock Layer
Pressure Distributions at First Pressure -
. Transducer for Case III. The left End of
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- The Right End 1s at the Front of the Piston.
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End of Zach Curve is Just Downstream of
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" of the Piston.
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