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SUMMARY

The driver-reservoir niethod of extending the test time of a
tailored hypersonic shock tunnel by using a reservoir and a nozzle (per-
forated plate) at the upsiream end of the driver is treated theoreticaily.

It is shown thai the flow following the rupture of the diaphragm is highly
complex and contains both sieady and unsieady flow regimes. It is aiso
shown that the area ratio of the nozzle separating the driver from the reser-
voir determines the nature of the wave system: produced. For a unique or
"ideal" nozzle arez ratio a flow sysiem is produced which contains no dewn-
siream running disturbances cther than Mach waves. That is, both the
head and the tail of the initial rarefaction wave are prevenied from inter-
fering with the shock-tuunel reservoir. Consequently, the running {ime of
the shock tunnel can be extended. The ideal area ratios are calculated for
a wide range of shock tunnel operating conditions and compared with
experimental results. The comparison shows that the ideal nozzle area
ratio can be predicted accurately irom theory.
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area
speed of sound

specific heat ai consiant pressure
*tailoring constant”
"eross-over ccenstant"
molecular weight

Mach wave

flow Mach number

shock Mach number

tailored shock Mach number
cross-over shock Mach number
pressure

defined by Eq. 1

left (upstream) running unsteady expansion

right (downstream) running unsteady expansion

universal gas constant

ieft (upstream) running shock
right (downstream) running shock
incident shock

temperature

time

velocity
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density .

specific heat ratio

ratio of nozzle minimum area to tube cross section area (A*/A7)

area ratio which produces no right {downsiream) running dis-
turbances {except a Mach wave)

area ratio which produces a single right {downstream) running
unsteady expansion

area ratio which produces a single right {(downstream) running
shock

condiiions at nozzle minimum area
driven section initial conditions
conditions behind a moving normal shock
conditions in unsteady expanded driver
conditions in steady expanded river
driver initial conditions

conditions behind reflected normai shock
stagnaticn conditions’

conditions at shock front

cross-over conditions
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1. INTRODUCTION

One limitation to the duration of the steady state res=rvoir con-
dition of a tailored hypersonic shock tunnel is ithe arrival of the head of the
rarefactiion wave which has been reflected from the upstream end of the
driver as in Figure 1. This reflected wave, which resulis from the bursting
of ihe diapbhragm, cannot be eliminated directily but can be controlled to ad=
vaniage. For example, the quasi-steady test time may be increased simply
by lengirening the driver to a value such that the reflected rarefaction wave
does not arrive at the downsiream reflecting surface until after a given
period of time. The driver lengih cannot be extended indefinitely since the
limit to the test time may then be determined by the arrival of the tail of the
rarefaction wave. The opiimum test time for a2 given geometry occurs when
both the head and the tail of the rarefaciion arrive simultaneously at the re-
flecting surface. This point is discussed in detail by Holder and Schuliz ir
Reference 1. Furiher gains in test time can only be obtained by lengthening
the overall iength of the entire tube while preserving the driver to driven
lengin proportion. This raises the practical problem of space and cosi since
relatively long secticns are required if tunnel test time is to be increased
significantly. )

Another technique for increasing the tunnel test time is the so-
called driver-reservoir technique suggested by Henshall, Teng, and Wood
(Ref. 2). They demonstrated experimentally that this method can sigrificantly
increase the shock tunnel rurning time. However, the physical model used
to explain the resulis is in error. They suggested that since the closed end
of a shock tube reflects a disturbance of the same sense as ihe incident dis-
turbance, (shocks reflect as shocks and rarefactions reflect as rarefactions)
and that an open end reflects a disturbance of the opposite sense (shocks re-
flect as rarefactions and rarefactions reflect as shocks) that there would
exist a partially opened-partially closed configuration that would produce =
Mach wave i.e., a vanishingly small disturbance for a given set of initizl
conditions, analogous to the steady transonic tunnel case. However, 1t w.ll
be shown subsequently that, in general, a very complex flow containing both
steady and unsteady flow regimes is generated and for a unique nozzle arez
ratio a flow systern is possible which contains no downstirezm running dis-
turbances. Hence the running time of a hypersonic shock tunnel may ke
increased without recourse to extension of the length of the facility.

2. SOME BASIC CONSIDERATIONS

The essence of the driver reservoir problem is the interaction
of rarefaction wave with a perforated plaie separating a constant area duct
and a large volume, In Ref. 3 the equivalence between a perforated plate or
wire grid of a given open to closed area ratio and a nozzle of the same rat.o
was estzblished. In Ref. 4 it was shown from chambered shock tube
theory that for cross - section area ratios greater than aboutl 6, the results
of an area change are essentially those obtained from an infinite area




ratio. Hence, the reservoir can be assumed to be infinite in diameier with
litile loss in generality. The protctype and the flow system to be analyzed
are shown schematically in Fig. 2.

A partial analogy exists between the driver-reservoir case and
the case of coliiding unsteady expaasions. Recali that the solution to the pro-
blem of iwo colliding rarefaction waves can be obtained either by using the
method of characteristics in the (x, t)-plane wherein !l of the detzils including
the interaction region are laboriously calculated or by applying the simpler
{p, u)-plane analysis to predict whzat final disturbances will emerge from the
collision. The latter approach is considerabiy less involved and yields ail of
the required information for the resuliing quasi-steady states. However, no
details of the interaction region can be obtzined in this manner. For the {p, u)-
plane analysis the appropriate equations are applied to solve the problem "in

the large'. A discussicn of such inieraction problems is given in Refs 5 and §.

A similar approach can be used in the driver-reservoir flow
problem, That is, a solution can be obtained either by analyzing the complex
interaction region using the laborious method of characteristics in the {x, t)-
plane or by moving away from the irteraction region and with the 2id of a
simpler {p, u)-plane analysis and the appropriate steady and unsteady flow
equations, obfaining an analytic algebraiz solutior for the disiurbances that
finally emerge from the interaction regior.

'lilgistype of analysis in effect negiects the effects of secondary
interactions of characteristic lines. As shown by Bird (Ref. 7) this assump-
tion is valid as long as the 'vave strengths are not extreme. The neglect of
secondary characteristic interactions implies that a definite wave patiern
bounding quasi-steady regions finally emerges from the interactions., If will
be shown later that the experimental data agrees well with the simrlified
theoretical approach hence the neglect of secondary disiurbances appezrs to
be a rezsonable assumption.

3. EXPANSION PROCESSES

When the diaphragm separating the driver and driven se«lions
opens, the gas in the driver (the term "driver' will be resiricted to the re-
gions between the diaphragm and the perforated plate) undergoes an unsieady
expansion to a new state (3u) Fig. 1, which is fixed by the initial conditions
in both driver and driven sections. The gas flowing through the nonzle or
perforated plate ultimately undergoes a steady expansion to a cordition {3s),
which is fixed by the area ratio and is governed by the sieady flow relations,
Since the physical properties of these t'vo expansions are very different, some
"patching'' of these two processes is necessary ir terms of additional unsteady
waves to satisfy the boundary conditions imposed by each flow. It is essen-~
tially these '"patching' solutions which provide the basis for theory of the
driver-reservoir technique.




An isentropic expansion of a perfect gas may be either steady or
unsteady. The unsteady isentropic expansion of the driver gas is such that the
pressure disiributicn in the driver (Fig. 1) will be changing with time. For
the backward {left) facing rarefaction wave R, 2 quantity P defined by (Ref. 5)

P:——————Z ai' u (1)

is constant across the unsieady expansion and provides the relstion between
thermal and directed motion. The pressure ratio across an unsteady expansion
where the gas is initially at rest may be written as
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The steady isentropic expansion of the reservoir gas through
the nozzle produces a pressure distribution which after the initial starting
transient is invariant with {ime. The steady flow energy equation provides
the counterpart of Eq. 1, and is expressed by

2
CpTo =CpT+ 5 (3)

The pressure ratio across an isentropic steady expansion, where the gas i<
initially at rest, follows from Eq. 3, and is given by

5 |
B [ () @ ©

Note that Eqgs. (2) and (4) are not in general equal and that a given initial state
expanded to a given velocity by both methods will not yield the same teinpera-
ture or pressure. The properties of the two expansion flcws are shown
clearly in the (p, u)-plane on Fig. 3.

From Fig. 3 it is seen that there is only one point other than the initial state
where the two expansions will produce the same end state. This unique state
is found by equating Egs. (2) and (4) giving

2 2
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Solving for u yieids:

34 ¥;+1 I B-¥4 (6

It is worth nctmg that a2 detailed anzlysis of the conditions ai this poini (the

“eross-over” point) and their compaiability with the tailoring consiraip: is
dopne in 3pperdix A. The resulis show that very stringeni requiremen:s are
placed on tke iniiial conditicns if both tailoring and cross-over cordilions are
to be salisiied simulizreocusly. (The problem is irivial if oniy ihe cross-over
condifion is specified (i.e. nontailored operation) since the shock tube initial
conditions may be readily adjusted to yield ihis value. However it 15 assumed
throughout this paper that izilored operatica is implied.) Aprend:ix A dem-
onsirates that the convertiioral shock-tunnel drivirg me‘,nod- i.e. hwdrogeﬂ
drivers, helium drivers ard combustion drivers will rot satisiv both of these
requirements simultaneously. Ia fact for air as the driven gas or'y z driver
gas having a specific keat rztio of 1. 18 will satisiy ihis requiremen: for per-
fect gases.

Addiiional dis bances, shocks or expzansions or combinziions
of the two, wili be necessary te "pzaick" ths stezdy and unsteady flow regimes,
ior ihe generszl case.

4. POSSIBLE WAVE SYSTERIS

The problem of determining the wave sysiems which will paich
the two expansion flows for a2 tzilored conrdition reduces %o the fol’owing. A
point (A) (ithe so-called right state of Rei. 3) as z'n Fig. 3, is speciiied on the
unstezady expansion curve corresponding io tke taiiored condiizon. A rozzle
area ratio is chosen for the steady expansion curve, hence a polo: [B) [he
so-calied lefi state of Rei. 3) is specified on the steady exparsion curve.
These two poinis musi now be connecied by some additfonai ursieady disiur-
bances, such as leit or right running shocks, left or right runring rarefac27ors.
Mach waves or combinations of these.

There are many combinzations that can be hypothesized irom
these disturbances. However, most of them are "unsiable", inz! is, they
consist of over-taking waves which would have to originaie {ai irfiniiv) rrior
to the interaction hence violate the initial collision corditions {at * - 0) of ib=
problem. Several "stable" transitions do exist. Stable transitions are these
in which no change in the character of the patching wave sysiem cccurs with
time, that is the waves are receding frcm the inieraction. I: shoyid ke voied

>




that any right running wave arising from the above wave system wiil ulzi-
maiely overtake the incidernt shock if the tube is sufiicienily long. However,
it will be assumed thai the iube is shori enough in that the incident shock re-
ilects irom the end of the tube before amy overtaiirg occurs. I will be

shown later inat only cases itai contain po right running waves are of interest
herce this point is ¢f liiile in{erest.

An aédiHona: restriciion musi be imposed on some wave sysiems,
since the sirengih of the lefi {(upsiream) running wave must be such that it
either siands siill in the lzboraiory coordinates or is swept downsiream io
the rigit. The ;esiricticn {0 be satisiied is

MFE = MS'

where, AIpg is the flow Riach number evzaluaied at the nozzie exit and Rig'

is ithe shock Mach numbar of the upsiream runmning shock based on a shock
veiscily {aken with respect io ihe velocity and sound speed of the gas just
upsiream of the shock. Shtocks of greater strengih would propagate upsiream
into the nozzle a2nd break down the flow, kernce are “ansizble".

The paiching waves which emerge from the inieraction regionr
are the resuli of the collision of rarefactior waves znd compressior waes
whick are generaied when ihe imitial left rvoning rarefaction first imieracis
with a decreasing area ratio (the exit {righi Fig. 2) side of ihe nozzle) and
the transmiited rarefaction wave interacis with an increasing area ratio (the
entrasce (leii) side of the nozzle). A secozd interaciion cccurs when the
disturbance generaied ai the eniramce side of the nozzle, moves dowrsiream
chrough ike exit of the rozzle. The deiziled nature of the interactions ca»
only be obiainad by using the metiod of characieristics. The final emergert
wave systems is ihe preduci of severzal basic sheck {compression wave) and
rarefaction wave interactioes.

In references § and 3 these basic interactions are discussed.
1 :s shown (ref. 8) thai for real gases the overtaking of a rarefaction wave
by a sheck (czepression wave) always resulis in a reflected shock ard a
iransmitied rareizaction wave if the overiaking shock is weak, and 2 trans-
mitted shock if the overiaking shock is sirong. In ref. 9 if is shown that in
the case of the overtaXing of a shock wave by a rarefaction wave boik refledfed
siock waves and rarefaction waves are possible. If the overiaking rarzz(Zon
is weak ihen the transmiiied wave is a shock wave; if it is sirong then irans-
miiied rareiacition wave resulis.

Since at the nozzle both of these cases can exist, it can
readily be shcwn that 9 stable configurations are possible (couniing the 3




limiting cases which have irarsmitied or reflecied Alach waves), as shown
in Table 1.

Which of ihe nirne siable sysierss occurs in a givea situation
dcperds on Iwo parameiers; the ratio of the izilered stock Afach number io
cross over sheck hfach number (MS';F' Mg, ), azd the ratio of the aciual nozzle
area ratio {o an ideal nozzle area ratio ( ©f E$IDEAL), thai is, there will
Le three distinci cases whick depend on whetker ite tziiored cordiiion occurs
ai 2 lower, ideniiczl to, or higher velocity than the cross over velocity and ior
ezack of these ibree cases ikere will be diifereri subcases produced depecding
on wieiher the nozzle area rziio is larger, identical {0, or smzller the=n tke
ideal value.

Case l }'IS'PIBISX < 1

For ikis case the izvored cenditions occurs ai 2 lower velocity
or shock &iach number ihan does the cross-over concition. (3fetheds of
finding the tailored and cross-over congitions are given in ref. 10 and
Appendix A respeciively. )

This is ihe case usuzlly found im practice snd is represen-
tative of the more common modes i operaticn, He/air, Ho/Air, Cumbusiion
gazses[Air. The possible wave systems are indicaied on the {p, u)-plare of
Fig. 4, ard are izbulated in Tzble 1. For no nmozzle i.e. & =1 the maickirg
is accompiisked by a single lefi rurning rarefzct:or wave and right running
shock wave (wave sysiem 3). This righit ruzniag sheck will vliZmately rzach
the shock tunnel reservoir region and increase the rese: voir pressure signz-
ling {he end of the siecady rupning corditivns. As the rozzle size is de-
creased the sirength of both the left running rarefaciion znd righi running
skock are decreased. When &= &5 a single rignt running shock is sufficient
to join the two flow regimes (wave systerm 6). A further decrease in nezzle
area ratio gives rise io lefi and right running shocks {(wave sysiem 9, tre righi
ruering shock decreasing in sirengih as the lefi one increzses ic sirengih.

As D apprcaches SIDEAL the right runnirg shock become nrogressively
smziier and vanishes in the limii and the maiching is accompiished by a
singie lefl (upsirsam) running shock {wave sysiem 8). It is imporiari fo
rote that in this limi{ there are no right raanirg disturbances other than
Afach waves being produced in the ficw (except for the original incidernt
skozk). Hence, no waves are available whnich could zlier ine sieadir=ss of
the shock tunnel reservoir. The imi#ial rarefactiior wave nas beer replaced by
a steady expznsion, a single leit running shock and Mach waves. I tke
ir0zzle area raiio decreases iurther, non-ideal opzration agzin occurs in
that maiching is accomplished by z leit running shock wave and a righi
running rarefactior wave (wave system 7). The right running rarefaciiorn




will gliimaiely prozagaie inio the reservoir regior ard decrease ine reservolr
pressure anrd sigpzi ke end of the sieady reservoir corditions. The static
pressure proiiles produced along the tube ifor the severzl types of waves svs-
tems, are included in Fig. 4.

Czse 2 P«!STI?-’ISX =1

This case is not usuzlly iourd in praciice but is ircluded for
compleieness. Ii correspoads io the case where ite iailored corditior ard
the cross over condition occur a2t ithe same sizaie. It is the simplest of the
three cases to analyse and is closest to the expiznaiion put forward ir ref. 2.
Tiie possible wave diagrams are shown in Fig. 3 and iabulated in Takle L
For © = 1, maiching is zccomplisked through z lefi running rarefactior ard
a right running sttock (wave sysiem 2). As in the previcus case tbhe right
running shock wili propzgaie inic the reservoir region ard end ihe steady
tunnel reservoir time. As © is decreased boil: the shock and the expausion
weaken $ill in the imii as S approaches SIDEAL both varish simuliareously
{wave sysiem 5), leaving mo disturbarces it the flow. The sieady axd
unsteady expansions are now matched together without that aid of any
additicna! disiurbarces. This is the idezl situation for the RISt - RIS, case.
if B is further decreased, the roles of the shock ard rarefac®on are irier-
changed, the stock propagaiisrg upsiream and the carefaciioz gpropagziin
downstream inio the reservoir region, and eventually lowering ihe reserveir
pressure (wave system 7). The staiic pressure proiiles 2%ong {ke tibe for
this case are included ir Fig. 3.

Case 3 RBigp/Aig, > 1

This case is pot generally atiained in cractice but is ircluded
since it may be of further interest in {ailored chemical shock tubes where
exotic gases or mixtures of gases are deing investigaied. The possitle wave
systems are inGicaied in Fig. 6 and are tabulaied iz Table 1. For rerozz.e.
6= 1, the maiching is accomplished by a single lefirunning rarefaclion ard a
right running shock (wave system 3), a situvaiion which will aitimate » ;redace
an increase in pressiure in the shock iunrel reservoir region. As % is de.reased
the sirengih of the leit running shock decreases urtii as & approaches € DEAL
which is also equal 103 x for this case, matching is accomplished by a si~gle
upsiream runring rarefaction wave (wave sysiem 2). The initial siartirg
rarejaction has been repiaced by a sieady expansior, a lef: running rarefa- fior
wave, and Mack waves. This is to be conirasted to the MSTIMSX<1 case where
the matching in the ideal case was accomplished through the steady expa=s un
and a left running shock. As S is decreased furtber, the lefi running rare-
faction wave decreases in sirength until in the limit as 8 approackes 8‘§ a
single right running rarejaction wave is sufficient to join the fiaws {wave sys-
tem 4). This character is symmeiric to the Mg/ MS}:< 1 case where a single
right runring shock could ratich the two flows but for & greater tharn SIDEAL
rather than O less than ®IDEAL. If € is further decreased, matching is ot-
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tained by the addition of a leit running shock (wave sysiem 7). The pressure
proiiles for the above cases are also shown on Fig. 6.

In summary, it is found in general, ihai it takes two additionzl
unsieady disturbances to maich the sieady flow of the reservoir gas with the
unsteady fiow of the driver gas. Further, there are special cases where
snly cne disturbance is required, and what is very importarti is that it is
possible to choose ike nozzle area ratio to make this disiurbarce a lefi {up-
stream) running disturbance. This disturbarce will be either a shock wave or
a rareiaciion wave depending on the raiio MST,MS:-: ar.1 in the limii as this
ratio approaches unity (i. e. the cross-over poini) maiching is accompiisted
auiomatically.

For 21! cases if the nozzle area ratio is made larger than the
idezl value, right running shocks will propagate into the reservoir region
and increase the reservoir pressure. Conversely, if ihe nozzle area ratio
is made smaller than the ideal area raiio a2 rareiaction wave propagaies inio
the reservoir region decreasing the reservoir pressure. This faci was ob-
served in the experimental work of Rei. 2 and subsizniiates the present
apaiysis.

It should be noted thzt the mass flow could have been used in-
stead cf the pressure in a '{m, u)-plane” anziysis. However the features of
the expansion flows in this plane are similar to the behaviour of ihem in the
(2, u)-plane. Hence, io imply thai the {wo fows can be patched if the mass
flows are matched is not suiiicient since equz! mass flows does rnot imply
zqual pressures or velociiies except, as has teer shown 2bove, at the
cross-over point.

5. IDEAL XNOZZLE ARXEA RATIOS

In the previous section it was shown that 2 wave sysiem cor-
taining no right renning disturbances of any kind can be okiained by expazdicg
the gas in the reseérvoir through a steady expansion io a ceriain specific
value, which is governed by the area ratio © of the nozzle wkich is placed
between the driver and reservoir regions.

it was specifically shown that for ike cases Mgt/Mg, =1 and
MsT/Ms;, > 1 the ideal area ratio is the cross-over area ratio. For these
two cases a simple exact result ior the ideal nozzie area raiio can be obiaired.

From steady isentircpic flow theory, the nozzle area ratio is
relzated to the ficw Mach number by (), 1)
3t

.
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Substituting irio this reiation the vzlue of the flow Alach number zi the cross-
over point gives icr the idezal nozzle area ratio:

_L(Xai'l)

2\ ¥, -2 (8)
S - 4 [24{34\}1)] s _ MS* -1

IDEAL ~ 3-% | (3-%)? = e,

\|

Note the inieresiing result that © is a function of the driver gas ratio of
specific heats only and is independenti of all the oiher parameters. Values
of © are plotied in Fig. 7 and iabulaied in Table 2 for ihe range of driver
gas ratios of specific heat of interest.

For Mgy/Migy<1 the introduction of the upsiream running
maiching sheck complicates the sysiem to the exiend that Lo simple resuit
for 5 has been obtained to date. This s uniortunate since it is the case
of immediate inierest. The ideal area ratio can be calcuiated as follows.
For a given 83, Xé angd tailored shock Alach number, tire corresponding
diaphragm speed of sound rzatio can ke found irom a simultaneous solution
of four eguations, as shown in Rei. 10. The area rztio © may be found by
using these four parameters as inputs {o a system of equatiors which in-
cludes Ea. A-1 (Appendix A) evaluated at the tailored sheck Mach rumber.

u; ) %(x:ri) (“"‘*’ MsT) *

Equation 2 evaluaied at the tailored velocity
2%
-1
Ba [, ¥%-1 uau.\) %

Am—— 1
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2 34 (10)

the general shock velocity pressure ratio relation written for the left running
matching shock
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the pressure ratio across the steady expansion as given by Eq. (£) above,
the speed of souad ratio across the siteady expansion given by

L
2 F-4
-1 (%) |
2 L

and an area-ratio-velocity relation for steady iseniropic flow which may be
expressed by

s 2 -
g = (‘Jﬁl\z“"l) s |4 - Yart '3—2) ] * 13)
2 ) A4 \_ 2 \ &4 ‘

The procedure for finding S consists of solving Eq. {9) for ugy,/as, substi-
tuting into Eq. (10) fo obtain p3,/p4, tken solving simultaneously Egs. {11) and
(4) for ugs /a4 using the auxiliary equatior Eq. {12) for the speed of sound ratio.
Finally v3g/as is inserted into Eq. (13) to yield 3 .

This system of equations was solved numerically on the IBM
7090 using the above procedure. The resulis are presented in Fig. 8 and
tabulated in Table 3.

From Fig. 8 it is noted ihat the ideal nozzle area ratio, & “DEAL
for the case M3T/Mg, is somewhat greater than Sy depending on the tasi- ’
lored shock Mach number. The lowest shock iach number shown here is 2. 0.
since at lower values the analysis begins to break down. For example Mgr=1
impiies a zero velocity of the unsteady expanded gas or no flow in the nozzle.

As seen in Fig. 8, for increasing values of tailored Mach number the value of
SIDEAL rapidly approaches &, from above. As a praciical matter, as a

first +rial value to use in an experimental situation, the value of &; would usually

suffice, the nczzle being enlarged as the results of the experiment dictare.

In this respect, it should be noted that the experimental value
for hydrogen driving a:r (& DEAL = 1/3), as determined in Ref. 2, agrees
very well with the exact v- "1e from this theory & pgaL = 0.382 and ©4 = 0. 378,
considering that real gas 2flects, viscous effects, atteanuation and secondary
interactions are neglected.




Although tae above has been derived for the tailored condiiion it is
possible io operate "ofi-tailored"” and still use the driver reservcir to exiend
the sieady siaie shock tunnel reservoir time. In general, over-iailored oper-
ation (MS>MST) requires a nozzle smaller ihan tne ideal ®¢§DEA1,, see Fig.
4) and for "urder-tailored” operatior (Mg« MST) requires an area ratio larger
than ideal. it may be seen irom Fig. 8 that the value of & jpEaj, changes very
litlle, especiaily at the higher values of MST’ consequenily, the ideal rozzle
area ratio will usually suffice even for the “oif-tailored" conditions. This
effect was verified if Rei. 2 where it is noted that within the accuracy of the
experiment, § IDEA], Was satisfactory . .- a wide range of over and under-
iailored conditions.

6. DRIVER-RESERVOIR TEST TIME LIMITS

Within the limits of the analysis it was shown that the driver-
reservoir removes two oi the test time limitations from shock tunnels, that
of the arrival of the reflected head and tail of the rarefaction at the shock tun-
nel nozzie. However, test time limitations due to waves arriving at the nozzie
do noi vanish entirely since the unsieadv matching disturbances which are being
generated and propagated zlong the cuct must be deait with but later in time.
New interfaces, and contact regions are being generaled but since theyv are
produced by nearly isentiropic compr:ssion waves or at worst wezk shocks
their efiect can usually be disregarded.

For the case where MsT = Mgy and © =§r,pa71,, the limitation
to the iest time now is the arrival of a shock wave at the nozzle as can be seen
from Fig. 9a (relevent wave systems shown in Table 1 are drawn symbolizaily
for completeness since a detailed calculation by the method of characteristics
has not been done). This wave is the end result of the incident shock being
reflected first from the shock tube downstream and thern traveiling upsiream
to the reservoir nozzle and then again travelling downstream tc the shock
tunnel nozzle.

The resulting running time can be many times the original tzi-
lored test time for usuzl shock tube geometries. It must be noted that new
test time limitations can aow be imposed which are now more stringent than
this, as by mass flow, radiative or convective heat loss considerations, for
example.

For the case where MgT/MSy <1and © =9%pgar, the mat-
ching beilween sieady and unsteady expansion is made by a left running shock.
Therefore, the limitation to the test titne is now; the arrival at the shock
turnnel reservoir region of the right-running rarefaction wave, which is genre-
ratea by the collision of the original reflecied shock and the upsiream running
patching shock as indicated in Fig. 9b. That this disturbance must be an ex-
pansion for all physically possible ratios of specific heai was shown in Ref, 1i.
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The expansion which limits the {est tme in this case was observed in Rei. 2.
However, they incorreciiy ascribed this 1o ihe original expansion being "del-
ayed" at the reservoir. From a comparison of Fig. 9a and 9b it can be seen
that the test time for this case wili be greater than the original {no driver-
reservoir) test time but will generally be less than that produced by the MST /
Mg, = 1 case because the limiting disturbance is generated closer to i

steck tunnel nozzle reserveir region. There is also an additional mterzace

or interface region which is generated by the patching sheck (see Table 1)
which is not sigrificant sirce it is found that the mismaich shock is relatively
wezk. However, if the nozzle and diaphragm stations are made coincident,

*her this second inierface can be in principle, at leasi, be made coincident with
the original irterface and ad;ustmen., of the tailoring Mach number {0 2 somewhat
higher value will obscure this effect.

For Mgp/Mg, >1aad ©=9 jpgaj, the situation is similar in
charanier to the Mgp/Ms, <1 case except that shocks are replaced by expan-
sions and visa versa. The end of the steady iest time is sigralled by the arri-
val of a shock or compression wave which is the resuit of the interacticn of
the reflected normal shock and upstream running paiching rarefaction wave.
This type of collision was anaiyzed in Ref. 7, and it is shown thati the distur-
btance must be a sheek or compression wave for all physically possible specific
beat ratios. The wave diagram for tiis case is shown in Fig. Sc.
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7. CONCI.USIONS

1t has been shown that a complex flow coniaining both steady
and unsteady flow regimes is produced by using the driver-reservoir tech-
nique to extend hypersonic shock tunnel running iimes. It is shown that by
assuming the existence of a patching wave sysicm that separate quasi-sieady
states,a solution can be obtained “'in the large" by using a {p, u)-plane tyoe of
analysis. The results show that in general two additional disturbances sepa-
rated by a contact surface are necessary to satisfy the boundary conditions
imposed by the two different expansicns. It is also showa that the actual
flow pattern resulting from a given set of initial condiiions is uniquely deter-
mined by the parameters MSp/Msy and ®/%pEa1., Where Mgy is the
tailored shock Mach number, Mg, is the cross-over shock Mach number,
5 is the given nozzie area ratio and SICEAL is the nozzle area ratio whic
produces no downstream running waves. For a few special cases the flows
can he joired with a single disturbance and for three unique cases corres-
ponding to MST< Mgy, MST = Mgy, and MS'1>MSx an upstream running shock,
a Mach wave, and an upstream running expansion respectively are produced.
Since no dowastream runaing disturbances (other than Mach waves)are con-
tained in the flow, the shock-tunnel reservoir region will remain undisturbed
for a longer period of time. In effect, the driver-reservoir when used
ideally will replace the iniiial unsteady expansion by a steady expansicn, an
upstream running disturbance, and Mach waves, hence limitations due to
both the reflected head and ihe tail of the origiral expansion are eliminated.

The ideal nozzle area ratio, which will produce tais optimum
condition (5IDE AlL) is calculated for a wide range of condiiions and compared
with the available data. The agreement is very good considering that ideal,
perfect gas flow is assumed throughout, and that secondary interactions of
characteristics are neglected, and it lends support to the validity of these
assumptions.

It is worth noting that a {p, u)-plane type of analysis is ideally
suited for this type of problem, once it is assumed that quasi-steady staies
must exist after the interaciion. However, it lacks the detail that a character-
istics diagram in the (x, t)-plane provides. Consequently, it would be of
value to do a characteristics solution in the {x, t)-plane for a2 few cases in
order to establish precisely how the final wave sysiem is generated. A com-
parison of the {p, u)-plane analysis (where secondary interactions were
negiected) with a more exact analysis in ref. 7, shows good agreement as
long as the wave strengths are not too large, which is generally the case in
the present analysis.

The effect of driver length was not considered in the present
problem. However, it can be seen that it is desirable to generaie the final

states in the neighbourhood of the driver reservoir.

In conclusion, it can be stated that the present analysis is




representative of the physical conditions and can be used with confidence to
predict values of the 1deal nozzle area ratio in order to extend the running
times of a hypersonic shock tunnel.
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APPENDIX 2 - ANALYSIS OF THE CROSS-OVER POINT

I is werihwhile 0 see i the poini denciled 2s the "eross-over
point is of practical inderesi, for if it is, :he prcblem of using he driver-
reservoir techmigue is cersiderabie simpliiied. The velogity vg in gereral,
is related (0 the skock Alach mumber by:-

Uy = 3, %’E (Ms- —;‘{s} (2~

Using hi_, 0 deaote the shock Alach number ior ike cross-over condition ard
equaiing Fas. {6) and (A-1) resulis in

N Y

LT+1

U{‘l

2
”‘-sx— 2 841 h’lsx - 1 -0 (a-2)

-

The positive root provides a2 physical solution gives by:-

G 2
Y%+t {8.+1) ]
= ——— - = < - ‘.'1 :.'5.-3‘
K, Zaes S4- (%.3) ez i

or ior the case where a,;>> 1 (generally Mg >>> 1) this can be approximaled
by:- )

where, g, the "cross-over constant' is defined by this cquztion. Equatio=s
(A-3) and {(A-4) are plotied in Fig. A-1 for sever>l speciiic heat ratios of
interest and £q. (A-4) is plotted in Fig. A-2 {or the complete range of speci-
fic ratios of physical interest. If the shouck tube is 1o be operated at the
cross-over point a restriction is rlzced on the values of M that may be used
for a given speed of sound ratlv across the diaphragm.

If this cunstraint were the only one placed on the shock Mach
number there wous2 be no rroblem with using the driver reservoir as the
initial conditiur.- .ould “e readily adjusted to yield this shock Mach number.
However. ¢ cdditiew to the above, the shock tunnel is required to be tailored,
hence. .r_re is an additional constraint placed on the shock Mach number.
Ref:oreace 1u presents the exact tailored shock Mach numbers for a wide
~ariety of driver aud driven gases and diaphragm speed of sound ratios. An
exzxct analviic solution has not been obtained. However, for the assumpiion
of 2 large shock Mach number, i.e., Mg>> 1, a simple approximate expression
for the tailored shock Mach number is given by (Ref. 10),

—t
(2]




9"

Ms_ 23 (g (57) - 12808 2)%2Y 2 ‘1)3] z i

i (zg-ljz(z-«#l) - 2.34 (‘5« - (  PPx s

Equaiing Egs. (2-2) and (A-3), the approximate eguzlicns for the cross-over
ard iailored stock Aach mzmbers rields,

1
C[(&ﬁ 3) ( 0.!-1‘ 254 Q"&}.)] ’i‘;‘-‘X‘&r‘i) 2 g4 ..1X‘!.41V‘6_ ,,,1\] r (2-8)

J

Hence there zre only certain combinations of specific heati ratios thai will
satisfy both the cross-over and {ailoring requiremeasais, simuliareously. For
the special case of 3 = ¥ 4 Eq. (A-6) reduces to

-8
-3

Equation (A-5) is plotted in Fig. A-3. XNote tha* this figure can be used 0
immediately determire which category (i.e. Algyp % Rig.J 2 given set of
initiz! conditions falls into if Mg can be assumed large. 1t should be noted
ihat the driver and reservoir gases are assumed initially at the same tem-
perziure and pressure. MST and XISy can be maiched if different initial
temperatures and pressures exist in the driver and the reservoir. However,
this mode of operaticn does not 2ppear to be a praciical cne since if iriro-
duces the problem of heating the driver gas and cooling ihe reservoir gas and
adding a second diaphragm to prevent mixing different gases. Aliernatively,
mixtures of gases could in principle produce the same end pressures. How-
ever, an interiace separzating the diiferent gases of difierent temperatures
would give rise to an additional tailoring consiraint. In general the conditions
across this seccnd interface could noi be arbitrarily prescribed and hence
would not be tailored simultaneously with the first inieriace.

Included in Fig. A-3 are the points corresponding to Helium /
Air, Hydrogen/Air and Combustion/Air modes of operaticn. One notes that
none of these comb.l:*auons corresponds to the situation where the tailored
shock Mach number and the cross-over shock Mach number are identical.
Hence, s~me additional disturbances must be generated in these czses io maich
the two flow regimes.
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TABLE 2

CROSS-OVER AREA RATIO VERSUS DRIVER GAS SPECIFIC HEAT RATIO

1.05 .438
1,16 . 430
1.15 .£21
1.20 - 413
1.25 . 204
1.36 -366
1.35 .338
1.20 -379
1.45 .37
1.50 .362
1.35 .354
1.60 . 345
1.67 . 323
18

W4



L] + . .

O ala Q) N

=}]

e W N 1w

Pk fead peal fmd [l fmd ek fmk ped fref fad fed

W N e DN WY e W

T N

1=3

Vb fmd e st
[ I I R )

fod o
L] [

[V
. 1]
QN D YN

O U W N = OW b

beb fmd et pmd fed el et fed b
L] L] L] .

.

b= e et
. . .

TABLE 3
IDEAL NOZZLE ARF2 RATIO FOR Mg, Mg,

Ead

2.0 .43 1.5 il 10 . 362
. 241 1.2 .262
.242 1.3 . 384
. 444 1.4 . 365
.435 1.5 .387
7 . 445 1.67 .371
2.0 .24%6 1.5 1.2 o .352
. 4238 i.3 . 362
. 430 i.4 . 363
. 432 1.5 .367
. 433 1.67 . 370
7 .435
2.0 .2413  1.57 1.1 2.0 . 366
.415 1.2 . 268
.418 1.3 .27
.419 1.2 YL
.421 .5 .274
. 223 1.67 . 276
2.0 .401  1.67 1.1 5.9 .332
. 403 1.2 .337
. 405 1.3 .340
. 407 1.4 . 242
. 408 1.5 . 346
7 . 410 1.67 .350
5.0 379 1.67 i.1 10 . 322
7 .388 1.2 234
2.6 . 388 1.3 - 337
.392 i.5 243
294 1.67 247
.396  1.68 1.2 0 334
7 398 1.3 226
5.0 . 362 1.4 338
"363 1.5 342
" 365 1.67 346
. 368
. 370
7 .374
20
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FIGURE 8
IDEAL NOZZLE AREA RATIO VS
DRIVEN GAS SPECIFIC HEAT RATIO
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FIGURE A-3
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