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ARSTRACT

The equilibriuvm interface technique has been
suggested as a possible shock tunnsl driver method.
If this technique iz workadble, reservoir enthalpy
levels can be increased substantially over those obtaine
able with the tailored interface technique without any
physical modification of the shock tube. In order to
determine the feasibility of the equilibrium interface
technique as 8 shock tunnel driver method, experiments
were performed in & shock tube, vtilizing a cold helium
driver, over the shock M¥ach pumber range %.29 teo 7.26,

Pregsure histories were measured at the end of
the driven tube: this pressure was found to reaech an
equilibrium condition for the complete shock Nach
nu&ber range investipgeted., From the pressure higtories
the equilibrium pressure, time to reach equilibrium,
and test time were determined. Measured eguilibrium
pressures were compared with an exact theory and twe
approximate theories. From the measured equilibrium
pressure, the equilibrium enthalpy level was computed.
The maximum equilibrium enthalpy was more than six
times the reserveir enthalpy produced using the

tailored interface technique.
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SYNBOLS

& speed of sound

B voltage

h snthalpy

L length of driven tube

H Maeh number

%s shock Hach mumbar; the ap@§@ af_a shock wave
relative to the gas into which it is propa-~
ratine divided by the speed of sound in that
e85

D atatie pressure

R gas constant

8 entrovy

T gstatic tenperature

t time

u velocity in the x direction

b o distance downstresm of the diaphrage station

¥ ratio of srecific heats

Subserints

Iy standard conditions at 1_atmosphere pressure

and s temperature of 273°g

1,2,35... static conditions in the numbered region of
the shock tube wave dlagram

E equilibrius state in drdiven rag

e equilibrium state in driver gns



A body moving at hvpersonic speeds iz preceded
by a stronz shock wave which raises the air tevperature
several thousand desrees. 4t these high temperatures
dissceclation sund lonizaticon of air molecules as well
as excitation of their vidbrational and rotational states
ray take place. These real zmas effects influence the
flow field about & body. If these real rag effects
are to be studied in the laboratery it is important
that enthalpy as well as Mach number be aimulated.

The shoeck tunnel is a convenlent device for rro-
ducinsg both the high.@ﬁ%h&lﬁy levels apd high HMach
nupbers assocliated with hypersonic flight. Shoek
tunnels use a shock tube to process the test sas to
g high enthalpy state. One of the simplest methods
is to allow the incident ghock wave to reflect from
the downstream end of the shoek tube. creatine a resion
of stagnant, compressed, high-temperature gas, which
ig then used to suprnly the nozzle. The gtate of this
zas, in thermal equilibrium, can be calculated quite
precisely from the normal shock relaticns.

An inherent limitaticr of the shock tunnel is
the short time duration of steady flow. Here the

testing time (hime of constant reserveir conditions)



ig limited to the time it takes for the reflected
shock wave to reflect off the interface separating
the driver and driver mases and return to the down-
stream end of the tube. This time. bty = %, in Fis. 1,
is directly proportionsl to the driven ftube lensth.

In order to provide adeguate testine time, shoek tubes
had to be made guite lonm. This led to considerable
shock wave attenvation (Ref. 1) resulting in unsteady
regervoir conditions.

Under certain conditions the reflected shock
wave can be pagsed through the irterface without
reflection. This methed is called the tailored inter-
face technique (Ref. 2}, and it increzses the testine
time by an order of wagnitude. However, if the state
and conposition of the driver and driven sases are
specified, tailoring is theoretically possible for
only one incident shock strensth. For exarnle, if
the driver and driven gases are heliuw and air, easch
at room btemperature, the tailorins shoek lVaech number
iz about 3.%. To tzilor at hirher shoek Yaeh nunbers
the driver pas must be heated, either by combustion
(Pef, 3}, electric arc discharme (Fef. %), or sleow
electric heating (kef. &).

The equilibriur interface technigue was supmested

by Hertzberg (Ref. %) as another possible driver



technique. Here the additional shock reflections
betweern the interface and the end of the tube are
allowed to occury they becoms successively veaker

unbil the interface is brourht to rest and an equili-
brium condition is reached (Fig. 1). Tailloring is

the special case where ecullibrium s resched after

one shoek reflection. Higher resevrvoir enthalpy

levels are possible then with the tallored interface
technique, since the incident shock wave can in geperal
be stronger than required for tailoringsy furthernore,
the additional reflectiong alse increasse the enthalpy
level. Thug the eguilibrium interface technique offers
increased performance over the tailored interface
technique while possibly rebtaining some of its test

time advantages.
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It will be of interest to try to predict theoreti-
cally from the shock tube initial conditions the pressure
and temperature of the zas in the eguilibrium state
{pﬁ and ?E). While the oressure can be reasured directly
in an experiment, the tenveraturec nmust be caleulsted
from other measured guantities. Alse, the time duration
that the eguilibrium condition persists hg - ¥, in Fig, 1)
is of interest since 1t debervives the test btime

Ideal shock tube theor g well known and has b

6]
bl

W

r is
discussed by many avthors (kefs, &, 7 and

3

others). O

the basiz of this theory the flov st srny time in 2 shock

tube can be caleulated {in pricciple’ if the shock tube

initial conditions are known. Jore of the assurptions are:
1. The disphrace is resoved and the shoek wave

ia formed instentaneousliy.

4y

4 plane discoutinuity {(interface) sepsrates
the driver and driven @ases. |

3, Hffects of wviscosity and heat counduction can

he neglected.

Experimental evidence indicates that these assumphions
are violated ipn the shock tube. For example, the driver
and driven cazes are separated by a constant pressure
wixing region of inite width, This recion, ideslly the
interface, is found tc follow the incident shock wave

nore closely than the ideal theory predicts. However bo
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include the non-idesl effecte in & shock tube theory
would be ewbremely 4ifficult., The ideal theory zhonld
zive results that sre substantislly correcty therefore
the non-idesl effects will be neglected in the subseguent
analysils, However any results certainly will hawve to be
verified by expoeriment.

By constructine a wave dlaeran eolubion the zss
properties in the shock tube can be determined at any
time. This construction is essentizlly 2 runerical intew
gration usinz the method of 3hﬁraat@$i$%§cg {Bef, B), and
is exect under the assumpbtions listed above. Yor slomplie
city in conetructing the wave diarrem, perfect pas theory
iz used.

RBeferring to Fignil for notation, this method
procaeds as follows:

1. Given Piy P Tl’ T), and the sas compositionsy
%gl can be calculated, Uext the incident shoek
wave, the interface, ard the expanslion fans can

be laid out in the x - ¢ plene,

Mo

« The reflected shock strergth is detervined by
the conditior v = 0., It can be caleulnted and
laid out to the point where 1t intersects the
interface.
3. The sgtrength of the waves produced by the reflected
ghock-interface interaction umust be calculated
by iteratiorn, usins the known relations Ug = Uy
and Pg = Pry. The state of the gas in regions
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2y 5, and 5 is also krown. In the nen dizseran
{(Skebteh (8)), region © lies slonm AR, resion 7
liea alone CD. To find the point (6,7) where
AB arnd CD intersect, suess p@fgﬁ and compube
p7lp§ using v, = ug. If p?/p5 £ pg/p.y then
guess again for pg/pe until pe/Pr = @?1?5‘

The re-reflected shock speed iz cnleulated from
pﬁfyﬁ, and it is laid out in the x-t disrram

to the point where it reaches the wall.

Steps 2, 3, and 4 are renonted until the equili-
brium condition (V) is reached 2% time t., on the
w-t dismrar. This condition cccurs when the
wave reflected downstrenm from the lnterface is

of negligible strength. Usvally sbout four or

five reflections are required to reach k.
U
\\\ .
e
o b
i
[
A o -
ll A i

W

Sketeh (a) p-u Diagram
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The processed gas will remain gtagnant until sone
disturbance reaches the interface from unstryream., For
firat results frorm the interaction of the reflected shock
wave and the expanslion wave swept downstrean from the
diaphragm station. This disturbance determines the
theoretical test time, tF - tg in Fig. 1.

Thus the wave dlasgram wethod enables caleulation of
Py Tg, and ﬁy - %y which are the desired parameters.
However, the calculation is tedious and must be repeated
for all gas combinations and wvalues of %31 that are of
interest,

An examination of o wave disgram solutiorn shows that
the waves reflected frox the interface diminish in strength
gquite rapidly. This observation suggests that assuming
the flow to be isentropic after the first shock wove-
interface interacticn nay be a sood spproximstion., If
the amount of lsentronic compreasion 1s known then the
equilibrivm temperature can be calculated. Feference 5
suzpests that the equilibrium pressure is approxinstely
the pressure that is reached i the driver gas is brousht
to rest by & single shock wave. Thus p, is approximately

@7 on the p~u diarrem (Sketeh {a)). Then

=y

fS ‘Fs 175‘ Q's —%; ’
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where E7/p% is found from

?3 \6,* +1

z N
ooy K_ELMS -t (2)
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o

Yow %S iz the value of ¥ eined by putting Uy = O in
3 5

Uy - 2 /MS,?"
q _ <__~ L ) \ (%)

80 that
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A wethod sugmested by Pref. A. Foshko essentially

3

makes a linesr approwimstion for Uig o The pressure is
calouviated by assuning isentropic conpression {rom 7 to
e. If the flow frow 7 to e iz assumed o be isentrorpic
apd throush a simele wave, then the Riemann variable

{:2/6‘03 g + 1 is econgerved. Since uﬁ » (O

bt
ot
o
%

and for isentropic
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M7_~_ﬁL~: Waja,
Q4 A /a,
where
Ve -~ b
: . 2]
ay _ Lent) -t [erbom] (6)
4 (_K‘* + ‘) Ms 3
and
u1 D M s -
i M — M..C_:.T_ _.,_,fé.,,n..,_»“.
a 3 3 Kq +] MS (7)

To find I, assume that
e

s 7 \x\
M, = MSJ(W e )
where €<<Ll and L. is value of ¥. computed from

- i
3 3
equation & {assuning Uy = 0). Then

N A
(\/\33 i Mi;z, & I+ < Q_)
L e SRMLT ) e e 2R My ate M,
¥, x 3 / %+ 4 ¥, + 4
‘, N T
ﬁA = ,%m ,_AJ*Rt‘“q
§/J 1. [
To determine €, use
u M, N, v
L e My- & B =M, - & | 2 —l_:fi@ﬁ_
Qs L+ M Sarl (+e) M,
—_—2 — 2
Y M, - 2 Mo, -l Mse
3 “*k Mﬁj q i (\«53
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since the firat term is zere by the definition of %g '

%
e = KL‘ + | ..I:I_L M53
e da (\7\:3 + |
and
B e
— = = oy b *s 8
s s 4 a, Msz + | (8)
If the wave separating regions & and S iz a shock
wave then
Ug — Ug Y 7 MS:
Qg B 3—; B s*l Msb
_—‘E = | + 2% (Msz—-l>
'q?s Kg*‘ §
a0 that
Y ¥ j“— '>
= ___\\
qs 1+ B +l( l)]yz
Now if Cﬁ:—;b<<34 then
Ts 2
Ye ) ) S” ?e
— — L . — ._..l
Ag s ¥s
Using this in eguation 8 leads to
*
s s 35. + &K
Pa
where
— 3
D( = Z.ans M$3

Uf a3t Rszs + l)
Eow %5 can be caleculated from

5 rA
Ms3 = JZ’:LL %‘ %;_ > (10)



When Pg caleulated {row eguastions 1, 2, and &4 is
compared with Py caleulated Irom equations 4 throuch 10,
the results are found to differ by less tharn 1 per cent.
Thusg the assumpbions: 1) Py is the same as the pressure
that 13 reached if the driver =as is brousht to rest by a
single shoek wave; and 2) the compression is isentropnie
from 7 to e, where Ury is found by & linear approvimation:
wive essentially identical equilibrium pressures.

For greater accuracy, the values of Uy and %éy can be
compubed exactly by the method of characteristics gmﬁ then
Py cen be caleulated from equations %, &, apd 7. This
method will give Py to within 1 per cent of the ewxact value
obtained by carrying out the complete characteristics
solution.

I% should be noticed that the sprroximate theories
give no information about the time it takes to reoch
egquilibrium or the length of time the eguilibrium condition
persiste, This information cen be obtained theoretieally
only by constructing a wave diagram.

The preceding theories can be expected te give a
roush estimate of the performance of the equilibrium
interface technigue. However, in lisht cf the assumpbion
made it is necessary to veriiy experimentally that an
eouilibrive condition is reached, For perhans when con-
ditions depart too far from talilorines the ippedance mis-
mateh bebween the reflected shoek and the interfsce will

be too large, snd no equilibriuvm condition will be reached
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before disturbances arrive {rom upstrean in th@’ﬁheak tube,

Alaa.it is well Xnown (Ref. 9, for example) that
the incident shock strensth, %51’ cannot be reliably
predicted from the shoek tube initial conditions. xgl
is the baeie parameter from which all ef the properties
of the flow behind the incident shock and first reflected
shock are calculated. However, whether ggl ¢an reliably
predict p, will have to be determined experimentally.

Mark (Ref., 10) has noticed that the reflected
shock wave interacts with the boundary laver and in
gome instances separates ‘it. ‘This mav affect the
approach to equilibrium or the zteadiness of the
eguilibriuam flow,

For these reasong the feasibility of the equilibrium
interface a3 & shock tunnel driver bechnique czn he
esbablished orly experimentaliyv. The purpose of the
experiment will be to accomplish the Tollowing:

1} Detesrmine the ranze of %Sl over which an equilibrium
condition can be resched., 2} Obtain a measure of the
upiformity of the pressure while the ecuilibriun condi-
tion is maintained., 3) Weasure the eguilibrium pressure
to provide & basiz for calculstion of the eguilibriunm
temperatmxe; &) ‘Weasure the time it takes %o reach

the equilibriur condition and the time the eguilibriunm
condition versists. ) Investirate anvy effects of

initial presgure level.
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A, Shock Tube and Related Urnerstine Touilvment

The experiments were verformed in the shoeck tube at
the Southern California Coorperstive Tind Turnel®, This
shock tube is of the converbtional tyve, utilizin~ & come
pressed geg driver, and 1s zhown achematieally in Fie, 2.
Eaa@ texperature helium was used exclusively as the driver
gas and either air or argon was uvsed for the dviven rmas,
The shock tube could be opersted up te 70,000 psi, althourh
puzping facilities limited operation to under C,000 psi.

The shock tube structure may be divided into thres
parts: 1) driver tube; 2) driven tube:; %) couplines
nut,

The driver tube is a 3 ineh 1.0,y & inech C.D, cir-
cular steel tube which is 17 feet lons. The tube is
sealed at one end by o blind flanee and 2t the other by
a metal diapbrapm. Ports ore availale for zus inlet
apd blow~-off and pressure and terperature measurencnis,

The driven tube is a 4-1/3 inch 0.0., 2-1/8 in
I.B, circular steel tube which iz 12 feet lon-. It
is sealed at the downstream oend with 2 blind flance

and at the other end by the digphrarm. The blind

* Bince dismantled.
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flanpe has two portz for pressure or temperasture instru-
mentation., Various nports are available in the tube

for zas inlet and instrumentation, Specifically, poits
9,0 and 10.0 feet from the diaphragnm siatlion were

fitted with thin-filw resistance thermometers sultable
for shock wave debtection.

The coupling nut fastens the driver snd driven
tubes tozether so that the disphruasm is clamped betwean
them. The tube end faces are snmoothly machined and
fitted with neoprene "0" ripess so they will sesl tisghtly
azainet the metal diaphragn, Diaphrasms of aluminwem,
copper, and cold-rolled stesl were used in thickresses
between .0l2 and 103 inch. A cross—shaped scribe
mark was mede with a pre-set scribing tool and the
disphragrs were broken Dy =38 pressure.

Helium, the driver gos, was obtaired commeoreially
in high-pressure bottles at about 2200 psi. 4 boosbter
purp, Sprauge Inglneering Corp. Model 3-%3000 VB, could
be used to raise the driver cas pressure to about
6000 psi. Driver initisl pressures below 1000 psi
were measured oo a 0-1000 psi ¥Varsh Vasterssze te an
accuracy of 4 20 psi. Por hicher pressurcs a ¥arsh
8000 psi gage was used: the accuracy when uszips it
was about — SC psi.

Either air or argon at roor temperature was used

g8 the driven gas. The driven tube was firet evacuated



with & then the driven o008 was

nrazsuras of 1. 5. and 2% wnais
pTES e ¢

o

mereuwry micro~manometer, referenced to the atmosphere,

to an accuracy of within 1 per cent.

B, lnstrvmentation

Instrunentation was developed to measure: 1) the

incident shock wave speed; 2} the static press

the dowpnstrenn end of bthe driven

4 B ff 5, E) oy o . " Fe 4 e 5 ey e 7 R *
of the instrumentation is shown dn Ple. 3.

%y

in averasge shoek wave speed was

y

fetervined by

measuring the shock transit time betwveen stations

- atation. The

SR Fad Ay, e o -
S0 and 10,0 feet from the

By

ilatance bhebws

wr ho

i

2]
«O05 dneh. Thin-Tilm platinur resistapce thermometers,

ey

gimilar to thoze desceribved in

Ll, mounted flush

ie the dvdven t

the shock wave. reg were fed

p . I R N b g o oy ornon 19 . g £3 N .
through an avplifier to the “sitart” and "stop® channaels

Phia counter has

a resolution Hime of 1 pooec. so the shoek wove smeod

is measured to 1 per cent 2ccurscy. The oubpet frox one

the ampliliers was slao uvased to strrt the recording

oseilloscopas
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2. Pregsure Inabtrupspntation

5 133 s am 'Y o - o Y g A oy ooy 8
deveral "home~-pmadc' plegoclectrlic pressure irange

duesrg were tried in the

The moalt satis-
factory one is shown schematically dn Filo, 4,

The first gaze tried exmploved ap oluminunm cap
(Fiz. 4) with 8 back to front side aren
design reduced the pressure on the lead
by a factor of 16 so the sasme oviput would

with the oscilloscope for hish rressures,

exhiblted ewcessive overshoot aund subacquent
Various types of recessed rountin:s snd sbock seuntings
were unsvecessiul irp eliminatine these undesirable
effects., A&lso, it wzs not vpoesaible to obtsin a reliasble
calibration of this care,

The mame that was finally uged hal a cuarbtz crysihal
and 4id pot use the can to yreduce the rressure on the

erystal. Thiz gare exhibited congideyably less

ther the previocus gzse and wan gvecessiully calibrated
1% is not known whether or not the rnressure roducino
cap was resronsible for the Aifficulties eucountered
with the first sagme.

The output {rom the vressure traisducor was
cireunited throurh a differential cathede followar to

one of the recordips oscllloscones (Tektronix 551 or

5454) and was recorded with s polarocid cameran. Duripe



calibration of the nressure arne Lthe response tiwe of

the cathode follower ircreszod to about 250 M sec,

X

This difficulty covld not be remedied in the btire
remalining to perforw the experiments zo 1t was decided
to tolerate this "lonz" response tine since wost of
the times of interest were sufiicien
250 Koec. Althoush the output from a step input was
rounded off, the time to reach 50 per cent of the il
deflection was about 2% Maecc. Thus, for ewsmple, it
was felt that 1t wsa poseible to distincuish gunlita-

tively between two shock waves and one shoock wave of

the asne botal strenmth 17 the twe waves vere at
25 QEec. apart,
iinder & goenstant load the output of the pressvre

neasuring svatern decayed exvonentially with time. Over

a2 10 v seec, bime peried (which was the lens

&
wsual escilloscope trace) the oubeub decayed about

& per cent: the decay was barely discernible over the

The pressure transducer wa: dynamically colibratbed

- " o o ohe o A g » 2% e oy PR T%%m -
its oubtmut with rreasures of nowr dintongity. The

known pressures were obhal vy rmenevatine low otrepeth
1, 4 F < L . P - g e R
shock waves, 1.4 = ¥, = 2,0, vhich ohay the noryral

shock relaticons cuite well., The known pressures vere
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caleulated fron the messured i, and Dy and theoretieal
S l .
valuss of yﬁ/pl. A typical pressure calibration is

shown in Pig. 5.

Co. Test Prosranm

Bxperinents were p@rfaﬁmeﬁ over the widest possible
incident shock Vach pumber ranze at initisl pressures
of 1, 5, and 2% pai. The shock dach nurber range was
lirited by the maximum snd niniwum driver pressures
available.

Three oseilloscope channels were avallable to
roecord data,., One of these was always used to record
a pressure history at the dovopstrenm end of the drilven
tube. The output of & thin-film resistonce thermometer
mounted in the blind flanze at the downstreas end of
the driven tube was reccorded on some Tuns. It was
hoped that this would sive some informabtieon about the
uniforwiby of the gas tempersture. It was not possible
to draw sny conclusgions from these btenperature records.
On other runs & crude check on shock wave attenuation
was made by corvarins the shock wave transit time

between stations 3.0 and 10.0 with the trangit tipe

&

between statiors 2.0 and 12.0. Yo shock wave atitenufe
tion was noticeable from these mossureraents.
In sddition, severzl runsg were made vsine ayfon

as the driver sss. Yark (Ref. 10) concluded that the
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interaction between the rellected shock wave and the
laninar boundary laver on the tube walls should be wery
weak when a wmonatomic driven =as iz used. Exreriments
verified this conclusion. Thus any effects of the
shock wave-boundary laver interzctieon should be modified

when a monatomic drivern =was in used,

I, Data Feducticn and Accuracy

The shoclk ¥Hach nunber Eﬁl is computed from the
m@&ﬂur@&‘gh&ck speed divided %y the driven gas zound
speed at tewperabture Tl. The tobtal error regulting
fram the uncertalnty ir the measurincs intervsl, counter
resolution, and gas initiasl tewperature uncertainty
is within 1 »ner cent.

Fressures are determined by measurine the oscillo-
gram deflection, convertins this Yo a veltame change,
and then deterninine the prezssure from the zmare cali-
bration, Errors are intreduced in reading the oscillo-
seope trace and from the sage calibration., The methed
of mage calibration (Section I11.B.2.) made 4% difficult
to obtain calibration polints for larze pressure differ—
ences. There were only & ybimts for pressure differences
between 1500 and 3000 psi and no points above 3000 nai.
Therefore the calibration curve had to be extranolated
above 3000 psi. TBecause of these factors, uncaertzinties
in some of the measured pressures may be of the order

of 10 pexr cent,
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It was desired to precernt the esuilihriuvn pressure

}‘fm}

34

- in accordance with the oreviously

> -q/ s 22
data as @E,m5 wa K .

digcussed theoriss. AY the lower valves of 331

(Figs., 6{a) - &(c)) v 18 easily deternived from the

nressure trace. At hicher shock strensthe (Fies, 6(4) -

6(h)) it becane more difficult %o determine p. sccurately
&

from the cscillosrams hecauvse of the "long” resnonse

time of the pressure reasuring syatem, the short time

duratiorn of state %, and the relatively swmall deflection
9

or the osecillosranm. Therefore at the hizher ghock

astrengths p§ is comvubted Ifrom the mezsured 12 and M,

and the theoretical value of pg/pl.

The ecuilibrium pressuve, ﬁﬁg wag also determined
in a rather ardbitrary feshion. An exawinatioco of
Fir., & shows that the pressure does not reach 8 DEre
fectly constsnt value on all runs. In fact & aslight
'prassure vayristion is noticed even in the run that
corresnonds nost closely to the tailored condition
(Fig. 6(b)). On scme runs & rrester amount of Judge-
ment had to be used to debernine 17 2pn eguilibriue
condition was roached and where it was first resched.
It was assumed that an equilibrium condition wss reached
at ﬁg if the pressure 4id not vary by more than 5 per
cent until the test time was terminated. The character
of the pressure variation cover the eguilibrium interval

varies frex run Ho Tun bubt a trend was nobiced with M. .
k..:l
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Kear tailorins (Fige. &6(a) - &6(¢)) the pressure inereases
8lizhtly and then £ 1s off. For hicher values of
%gl (Figs. 6(d) - &(g)) the pressure either inereases
slightly or vemalns constant. 4% even hicher shock
strensths (Pim. 6(R)) the pressure increases slichtly.
The time to reach egquildbriunm, ty = t,, and the
runr time, t& - tﬁ, are meagured dirsctly from the
pregsure oscillosrams. t& iz the point where the trace
firat rises, and the point where the pressure troce
first becomes flat is recarded as T The end of the
eqgquilibrive pericd is defined as tag the point where
the pressure trace falls off noticeably., The poict
tg is difficult to determine frop the pressure trace
since the appreach to ecuilidbrium is guite gradual,
For this reazson and because of the parallax associsted
with the oseilleograrn record, the uncertainty in the

@eaﬁurﬁﬁ values of tE - tA and t@ - tg js about 1@0/*8@@.
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IV. RESULTS AKD DISCUSSION

A, Eouilibrium Pregsure

Data were recorded for shock lach numbers in the
range 3.29 5=%Sifi 7.26 and tailoring (pE/p§ = 1) was
observed near Esl = 3,65, as predicted by ideal shock
tube theory. The results from the theoretical and
experimental evaluation of pﬁ/p3 ag 2 function of ﬁ%
are shown in Fig, 8. The solid line 1s the locus of

‘wave diagram solubtions, exact for a perfect gas. The
dashed curve represents both approximate theories
discussed in Dection I1., which were found to give
essentially identical results. The data do not agree
consistently with any of the theoriesy in faet the
scatter of the data indicates that N, does not uniguely
deternine Py !

The explanation for this behavier is related to
the well kmown fact that shock tube Ilow is not ideal
and experimental wvalues of p&/pl usually differ sirni-
fieantly from theoretical ones bhased on the npeasured
ﬁgl. Figure 9 shows how p&/p1 correlates with &@l for
the data presented in Fig. 8. The points that are
appreciably above the theoretical curves on Fig., 8

correaspond to the omes that are considerably above the

theoretical curve on Fiz., 9., It seems that, in fact,
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Py sorrolates much better with the driver indtial pres-
sure, p,, than with the theoretical curve for an ideal
shock tube. This coyrelation is dernicted 1o Fig, 10
where 1t may be seen that pgfpg is mearly consbant, and
that the scatter is considerably less thap in Fig., 8.
Thus Pe ig found to depernd stronsly on Py

Since the pressure over the eguilibrium interval
i rarely perfectly constant, the napmitude of the
pressure variation ds of interest. A measure of the
constancy of the equillibrium pressure over the equili-
briun interval is Ayfyg, where Dg iz measured at the
point where the equilibriur conditiop la firet reached,
and ap is the maximum pressurs dlfference over the

interval. Figure 11 shows how Ap/yy varies with 'L,

b l
1t is seen that at the lower shock strengths the

eguilibrius pressure variation is about 24 per cent,
and for shock Mach pumbers rreater than about 4.5

the equilibrium pressure varistion is about & per cent.

B, Time to Heach Bouilibrium and Test Time

ExS

The time to reach equilidbrium is defined as
ty - té‘(@ig. 1). Heasured values of (t, = €,)/%
are presented in Fig. 12 as & function of yg/pﬁ, which
is & measure of the departure from tailorins. It is

encouraginy to note that for pﬁfyﬁ greater than aboutb

2, the time to reach eguilibrium rewsins pearly constant.
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Theoyetically, the test tirme ig limited by the
syyival {%E} of the disturbanee vesvliins from the
interaction of the reflected shoeck wave and the uvpabrean
propagating expansion fan which is swept downstresm
frovw the diaphragm station (Fis. 1). The strensth of
this disturbarece, ?ﬁf@?’ can be caleculated usine the
method of charscteristicsy feor the particular shock
tube geometry and mases used it turps out to be very
weak., For the majority of the Vach number range of
interest this disturbence is & very weak compression
WRYS .

Pigure 13 shows a wave disgram solutiocn supeps
inpoged on a pressure csclllorran. The wave dlseram
solutlion s otopped with the ayrival of the above
wontioned disturbance. Two thinss can bhe noticed by
comparinz the theoretical and sctual preszsure traces:
1} The cheerved time to reach eguilibrium is consid-
erably longer than the weve diagram predicts. Also,
no dlscrebte shock waves are observed and t1 proceas
seens more like a smoobth cowpression., 2) The disture
banee wentioned 1is not discernidble on the vressure
trace. Certainly 1t does not end the test time, since
the equilibriun ceondition is not resched until well
after the predicted srrival of this disturbance, This
conclusion cannot be extended to erblitrary shock tube

geonetries and mas combinations., For example Helder
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and Schultz report (Ref. 12) that this disturbance is
inportant for the shock tube confipuration they used
(hydrogen driver gas, nc area change at the diaphrage
section).

For the reagons nentioned above, the test time
ends with the arrival (tG) of the head of the expansion
wave, which has been reflected off the driver tube end
wall. The test time ia defined as &, - t., apd meesured
values of (%, - tE)/L are presented in Fig, 14 as &
function of yg/pg. These results appear to be wore
seattered than the results presented in Fis, 12, Tuis
scatter is caused by the variation (for a given yﬁ/pﬁj
in the time of arrival of the reflected hesd of the

expansion wave, which defines %g.

C. Miscellaneous Gagdynemical Considerations

1. Initisl Pressure Level

Ko effect of initial pressure level wag noticed
in the eguilibrium pressure ratio, time to re=ch
eguilibrium, or test time results, The initisl pressures
are typical of those that would be used in 2 shock
tunnel for Feynolds nurber as well =23 ¥ach number and
enthalpy simulation for typical re-entry bodies, and
are high enoush so thet initial preassure effects

apparently are not important.
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2, FReflected Shoek Vave-Roundary Lover Interaction

Y

¥ark (Fef. 10Y has observed that the low evergy
portion of the laminar hboundary layer on the tube walls
cannot pass through the reflected shock wave without
separating., This phenowenon could alter the process of
coming to equilibrium and the steadiness of the eguili-
brium pericd. The interaction effect is diminished
when the boundary layer becomes turbulent, since energy
is transferred inte the low erergy wortion of the boundary
layer. At the Cornell lderonaubtical ILaboratory, no effects
of the shock-boundary layer interaction have heen
found in the air processed in their teilored-interface
ghock tunnel, which operates at hich pressurves Cﬁef, 2).
In the present exveriments, the boundary layer behind
the incident shock wave became turbulent almost inmpedi-
ately and the interaction effect is not expected to
be significant.

However Holder and Schultz (Ref. 12) have poticed
that the pressure nessured near the shoelk tube end falls
imnediately after the reflection of the incident shock
wave, They attribute this behavior to the attenuation
of the reflected shock wave resultins from the intere
action with the boundary layer. This effect could be
noticed in the precent ewxperiment a8t the lower shock

strensths (Figs. 6(a) - &(e)). ¥Fher arzon was used
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for the driven gas this effect was not neticed, in
faet there was an unexvected rise in pressure at the
lower sheoek strengths (Fims., 7(2), 7(b)). It is possible

that these phenomena can be attributed te the reflected

shock~boundary layer interachicon.

%, ¥Effect of a Yonatomie Driven Uas

Sewveral runs wore made using arwen sz the driven
mag, Qualitatively the results wzere sivilar to those
obtained with aiy, ewcept for the unexpected rise
in pressure discussed in the previcus section., A
quantitative comparison of pressure data was not possible
because some technical difficulties srose which wmade
it iopossible to obbain an asccurate pressure calibration

for these runs.

&, Aectual Processg $o Eouilibrivem

It was noted in a previous section that the approsch
to equilibriun is not by a series of discrete shoek
waves, decreasins in stroensth, as 3 wave disrram solution
would predict. Instead the precsure increanss in a
rather amooth fashionmg the corpresiion is sradual not
discontinuous.

The absence of discrete shock waves ¢an be exnlained

by considerins the sheock veve-~interface interaction.
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To fix ideas, consicder the case where the incident
shoeck wave is stronger than recuired for tailoring.
The entexing reflected shock will be vweaker than the
transmitted shock {p7/p§ >'p5/§>9}w ‘If the interface
ia a sharp discontinuity the re-reflected wave will
be a shock wave ss illustrated in Pis. 15(a). letu-
ally a constant pressure nixing region of finite width
aseparates the driver and driven zases {(Fig. 15(b)).
The entering reflected shock wave graduslly ingreuses
in strength as it passes through this region and the
re~-reflected disturbance consists of a fardly of con=-
verging characteristics which form a wesk shock wave
when they merge. ¥For practical purposes, weak shock
waves (po/Py < 1.2) can be considered to be isentropie
since (8, - ﬁlﬁ/l’ﬁ < ,001, Por these ressens, the
process between states % and £ can be considered to
be isentropic or nearly so.

It is also interesting to nete that i isentropie
comnpraesaion is assumed from state 3 te e, then for a
constant area tube the driver z2s undersesa isentroric
expansion through a2 sizple wave to Uy and thepn is
compressed isentropically throush a simple wave o
state e. For this process,p, = 7y for any value of

e

Y. « This is aspyroximately the result npregented in

-L'fi:;l
Fig, 10.
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De Bouilibrium Temperature and Epthalnpy Levels

Before the eguilibriur temperature and enthalpy
can he computed, some assumption must be made about
the process between states 5 and E. On the basgis of
the disecusaion in Section IV. C. 4, the flow is assumed
" t0 be isentropic between states % and E. The calcula-
tion of the state of the gas in the eguilibriuvm condition
proceeds as follows: 1) pﬁ and T5 are ﬁ@t@rmiméﬁ fron
the normal shock relations and the measured wvalues of
Pys Ty and %ﬁl. 2) State © (vsg Tg) is locsted on
a Yollier diaspam. %) State ¥ is found by following
an isentrope from state © until the measured pressure
Py 18 reached. Thus %gl and pE/p5 (along with Py and
Tl) completely determine the state of the equilibrium
TaB. |

The maxinum equilibrivm tenperature computed by
this method was 6300°K correspondinz to hE/RTm = 138.5,
These values were obtained at m@l = 7.2¢ where
T§ = ¢a15°x and h5/ETQ = 90.2. It should be noted
that for this case the additional shock reflecticns
increased the temperature nearly 19500°%. The tailored
interface techrigue can bhe used at Egl = 5,058 the
reserveir enthalpy level corresponding te tailoring is
ng/ﬁﬁg = hg/ﬁfﬂ = 22,7. Thus by using the equilibriun
interfece technigue the reserveir enthalyy level can

be increased to many tinmes the tallored value.
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E. Shock Tunnel Performance

The shock bunnel reservoir enthalpy ¢an be assoei-
ated with stagnation enthalpry sipuvlation at 2 flisht
¥ach number if the ambient terperature iz snecified.
Picking 218% as the ambient tevverature (altitules
between 25,000 and 105,000 feet) then the mavwinmup
eguilibrium enthalpy, hg/ﬁwg = 138,%, corresvonds to
a flight ¥aech number of lo.4.

Using the taileored interface technicus {with &
cold heliun driver mas), stagnetion enthalpy c¢an he
gimulated at a £light Fach nuwber of ©.%%, Thus these
experiments show that the maxipun shock tunnel Vaeh
number for stagpation enthalpy simulstion can be ineresased
from ©.3% to at least 16,4 by usine the eguilibrium
interface technigue. This incresse in verformance is
attnined with a decrense in the test time of about
70 per cent. Even nreater performance cains should be
possible if larger values of p&/;p1 are used.

The shock Mach number for tailoring can be increased
by using either hydrogen or heated helium as the driver
gas. If comparable performance gains can be achieved
by using the equilibrium interface technique with these

driver gases, enthalpy simulation should be possible

up to satellite velocities,



V. SUREARY A¥S

The feasibility of the eguilibrium interisce

technioue as & shock tununel driver method was inves-
tigated by measurios pressure histeries at the down-~
stream end of a shock tube utilizing s cold helium
driver. Eeasured presgsures reached an eguilibrium
condition for the entire shock Kach number range

investigated, i.e, for 3,29 € ¥, < 7.26. The equili-
1
brium enthalpy calculated ab ¥y = 7 .26 was more than
‘ 1
gix times the enthalvny correspeondin: to tailorins,

whigh occurs at; Moy = 3.55,
1
The weasured equilibriuvm pressures o not ecorrelate

with @ﬁ 28 the exact and aprrowimate shock tube thoories
"1
predict. Instead a strong dependence on the driver

initial pressure was foundy the ervilibriur pressure
was about 1.1 times the driver pressure for all wvalue
of %% investicmated,

8y

Ag conditions depart from tailorine, the time %o
/e mreater
s« o
than about two, thils time rerains nearly consitant, The

reach equilibrium incressess however for p

test time decreases as conditiorns deport from taillorine,
falling to sbout 30 per cent of the seilored test
time at My = 7.26. This test time is limited by the

]

ayrival of the hesd of the ewxpansion wave which has

e

been refleeted fron the driver tube end wall., Tence
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it should be possible to increase the test time by
increasing the length of the driver tube,

On the basis of the present experiments the
equilibrium interface technique appears to be a useful
shock tunnel driver technique for increasing enthalpy
levels above those obtainable with the tailored inter-
face technique. However it is susgested that further
investigation be performed to determine the following:

1. Why the equilibrium pressure correlates with

the driver initial pressure and whether this
is a general result.

2. The uniformity of the sas that has been

processed by the equilibrium interface tech-

nique.
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DISPLACEMENT

DRIVER TUBE DRIVEN TUBE J‘@ZLE

FIG. | SHOCK TUNNEL SCHEMATIC AND TYPICAL
WAVE DIAGRAM
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FIG. 5 TYPICAL PRESSURE TRANSDUCER CALIBRATION
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Fig. 6(a). Sweep = 1.0 m sec./div.

Mg = 3.305 py = 5.01 psia; p, = 280 psig

IW..‘II.I-

Fig. 6(b). Sweep = 0.5 m sec./div,
MS = 3%3.58: Py = 4.98 psia; p, = 410 psig

The lower trace is the pressure transducer output.

FIG. 6. RECORDS OF THE PRESSURE
AT THE DRIVEN TUBE END
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Fig. 6(c). Sweep = 1.0 m sec./div.
S, = 4.16; Py = 5.02 psia; Py = 790 psig

E

IMIIIIIII.
A N
HEENEEEEEE

Fig. 6(d). Sweep = 1.0 m sec./div.
MS = 4,47 Py = 5.06 psia: Dy = 1830 psig

1
The lower trace is the pressure transducer output.

FIG. 6 CONTINUED
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Fig. 6(e). Sweep = 1.0 m sec./div.

MS = 4,50 Py = 5.03 psia; Py = 2130 psig

+
-
-~
-
-

Fig. 6(f). Sweep = 1.0 m sec./div.

MS = 4.98; Py = 0.966 psia; Dy = 720 psig

1
The lower trace is the pressure transducer output.

FIG. 6 CONTINUED
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Fig. 6(g). Sweep = 1.0 m sec./div.
My = 5.64; Py = 1.003 psiaj; p, = 1000 psig

Fig. 6(h). Sweep = 1.0 m sec/div.

Mg = 6.605 py = 0.975 psia; p, = 2550 psig
1
The lower trace is the pressure transducer output.

FIG. 6 CONCLUDED
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1.0 m sec./div.

Fig. 7(a). Driven gas: Argon; Sweep

MS = 3,84 Py = 25.03% psia; 178 2200 psig

1.0 m sec./div.

Fig. 7(b). Driven gas: Argon; Sweep
75 psig

My = 3.92: p; = 1.05 psia; p,

S
1
The lower trace is the output of the pressure transducer.

FIG. 7. PRESSURE RECORDS WITH ARGON AS THE DRIVEN GAS

rd
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FIG. 9 COMPARISON OF THEORETICAL AND
EXPERIMENTAL SHOCK WAVE STRENGTHS
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! ; ‘ As ‘: \ |
J_j—_j\is DIAGRAM SOLUTION

Driven gas: Air; Sweep = 1.0 m sec./div.

M

g. = 4.79; py = 0.994 psia; p, = 510 psig

1
The lower oscilloscope trace is the

output of the pressure transducer.

FIG. 13. COMPARISON OF THE ACTUAL AND
THEORETICAL PRESSURE HISTORIES AT THE
DRIVEN TUBE END WALL
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TRANSMITTED SHOCK /

FLECT
INTERFACE REFLECTED SHOCK

X

TRANSMITTED SHOCK / /

CONVERGING
CHARACTERISTICS

MIXING REGION REFLECTED SHOCK
X

FIG. 15 INTERACTIONS ON THE WAVE DIAGRAM



