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u velocity

X distance parameter

Z = PV/RT compressibilaty factor
y = cp/bv ratic of specafic heats
o Riemann characteristac

1. Introduction

The dlaphragm pressure raetio requaired to produce a particular
shock Mach number in N (say) depends not only on the draiver gas used but

also on the gbsolute pressure of the driver gas1 The devigtion from
ideal P, values for real hydrogen 1s substantial., This non-ideal

behaviour 1s due to the variation in the specific-heat ratio {y) with
temperature as the hydrogen expands and cools during the process of shock
initiation, When the absclute value of the driver pressure increases,
however, the compressibility of the gas must be considered, and the
agree$ent with 1deal shock tube performance that is obtalned (caleulated by
Huber') is shown in Fig.1(a and b).

Huber states that "Helium 1s olose to a truly i1deal gas both as
to low compressibility and constancy of specific heat ....." . Whilst the
latter part of this statement is not disputed, the first is certainly not
trueds%, In the case of helzur, the lack of signmificant variation of vy
with temperature5 in the range 300°K - 90°K (at 300°K, y = 163,

at 90°K, = 1+66) means that the dominant factor will be the
compreSSLblllty of helium Z = 1+11 at 3 000 p.s«1. and room temperature,
where = PV/RT. (A plot of compressibility facter at room temperature

vs. pressure for helium is shown 1n Fig.2).

The Mach number at which tailoring occurs has been observed to
vary from facility to facility and 1t is shown below that this variation in
tarloring Mach number can be predicted from a study of the effects of
non-1deal driver pressures on the cxpanded driver gas flow.

2. Derivation of Real-Gas Diaphragm-Pressure Ratio vs. Shock Mach
Number Data

The one-dimensional isentropic flow equations may be written
as follows:—

ds 0s

— Y~ = s (1)
dt ox

op op du

— ] m—— = -P—-— LR 2
ot ox ox ( )
du du c® dp

—_— W e e e e, L (3)
ot ox p ox

Equations/
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Equations (2) and (3) may be solved by the method of Riemann giving the
following relation

(Gresog)esa - ((3) 55 5)-
cer (4)

The impertance of this method6 1s the definition of the quantity 0(9,8).
This 2s known as the Riemann characterastic and i1s defained by

Po
o(p,s) = j‘ — dp . vee (5)
PP

0

g data was computed using Huber's method. The

gquantity conserved in the driver gas is 56 + u). This 1s evaluated along
an i1sentrope using data presented by Akin/, The corresponding pressure and
fluid velocity are then matched across the contact surface, and the shock
Mach number and diaphragm pressure ratio derived. The result of such a
computation for helium (at p, = 2 500 and 6 000 1b/ir®) driver and with

nitrogen as the low-pressure gas is shown in Fig.3a. Ixperimental points
are included for compariscn., It 1s seen that the real gas curves are again
si1gnificantly higher than the ideal curve. This is at variance with Huber's
theory but agrees with Hufton's?, Hufton shows (Fig.1b) that with
increasing p, values for hydrogen (1ees, compressibility ancreasing) then

the required value of P, becomes increasingly greater than ideal. This

The requared Pki vs., M

second case agrees with the present calculations.

As the nifrogen is compressed and heated during the formation of
the shock wave the increase in sound speed acress each compression wave will
not only be a result of increasing tempcrature but also a result of changing ¥y
and compressibility ain the gas. Relaxation effects have also to be considered
when considering actual shock velocity. In this present work, however, the
shock Mach number which would be measured before attenuation effscts becone
considerable will be considered to be that given by the evaluation of the
Riemann invariant.

3, The Tailored Interface Technigue

The tailored interface technique refers to the conditions under
which the reflected pramary shock wave passgs through the contact surface
without gaving rise to additional disturbances.

After the reflected shock wave has passed through the interface the
pressure and veleocity must be constant across the interface, as in the case
behind the primary shock wave,

For a reflected shock wavg to pass through the contact surface
without refraction the relationship
Y,/



Y, + i
+ Pog ( 1) ,
y, =1 mly, -
4 = 2 2 : rer e (6)
y, +1 my, =1) 7T,
+ I;s
Y, - 1

must be satisfied and thais is so at a unique shock Mach number for a given
driver—driven gas combination. The left-hand side of the above relationship
is a very slowly varying function of Mach number. The right-hand side 1s
very sensitive to changes in the value of T, (y; remains sensibly constant,

the molecular weights, m,, m , are constants, and Yy, and T, refer to

real gas values at a chosen primary shock Mach number). Ig is very sensitive

to the values of p, wused to drive a given shock wave, It 1s olear then

that in the case of helium, the tailoring Mach number is a function of
diaphragm pressure ratic or

(M) o f (Pki)ideal
5" taarloring (P )
4% "aotual

Ir P;i is less than ideal then T3 is greater than ideal and the tailoring
Mach number is greater, and vice-versa for P, greater than ideal. In the
case of hydrogen, however, the effect of change in y will have to be

considered. With increase in temperature at constant pressure y for
hydrogen decreases and this has the same effect as Ts increases. The

variation in tailoraing Mach number is then dictated by both factors. Even
ir (P, ) = (P ) at the higher pressures (5 000 - 10 000 1b/in?)
41 gotual 4% 45eal

for helium T, will still inerease due to real-gas considerations as is shown
in Table 1.

Table 1
My = 3ok
T
.Pi I _T_s_ f__i‘real
for
(1b/1r?) (ideal) 1deal
Pdi
900 142°K 142+ 5°%K
4 EOC " 1425
2 00 " 143
2 500 " 146
L COO " 47
5 000 " 148
6 0C0 " 155
|

(23
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A plot of equation (6) for different Mach numbers for ideal and real driving
conditions 1s shown in Fag.h. A Mollier diagram for helium from data given

by Akan 1s reproduced in Fig.b.

A consequence of an increase in tailoring Mach number in helium
for lewer than 1deal driver pressures s an increase in range of tailoring
Mach numbers that can be obtained using helium-nitrogen mixtures, and hence
an increase in range of stagnation enthalpies. The reverse 1s true for
higher than ideal Pu1 values.,

4. Bxperimertsl Evidence

Supporting evidence for these ideas has been obtained from the
N.P.L. 6 1n. shock tunnel and 2 in. sheck tunnel. 1In the 6 in. tunnel
helium at 2 500 1b/in® is used to drive shock waves in nitrogen and 1t as
found that a value of P,, some 25% less than adeal 1s requircd to give a
prescribed shock Mach number. Under these conditaons 1t is found that the
tailoring Mach number (obfained by notang the ratioc Pgy to Psq4 over a

range of Mach numbers, see Fig.6a) 1s approximately 4+O, This 15 in
complete agreement with the result obtained from Fig.ha., In the N.P.L.
2 an. shock tunnel when runnang at 1 800 1b/in? driver P,, 1s approximately

23% greater than ideal and the tailoring Mach number 1s 3+1, and at
1 000 1b/1in3 driver B, 1s approximately 25% greater than 1deal, giving a

tarloring Mach number, again, of 3+1 (Fig.6b).

5. Determination of Tailoraing Mach Number

The Mach number at which tailoring i1s said 4o ocour has been
determined from examination of the reflected shock pressure~time profiiles
measured near the nozzle of the shock tunnel. The tailoraing Mach number
is that at which the pressure remains constant and equal to p; untal the
arrival of the head of the expansion wave from the high pressure section,.

In the case of helium driver gas there is an initial hump in the pressure-time
profile and 1n the case of hydrogen a dip which is due to boundary-layer
interaction., Both these have %o be 1gnored (and tolerated in tunnel operation)
and the mean pressure level determined as in Fig.7. The pressure level B

has been choszen as shown from a study'rf (at U.C.W. iberystwyth) of the first
100 mlcro$econds of reflected shock pressure time prefiles using a pressure
bar gauge 3’14, where a steady pressure level, P, , was found to prevail

before perturbations occurred.
6. Conclusions

When helium is used as the draver gas in a shock tunnel the effects
of compressibility at high pressures on F,, and T, are large due to the
absence of any great variation in specific heat ratio. P,, becomes greater
than ideal and hence T; becomes less. Thias results in a decrease in

tailoring Mach number. In the case of hydrogen as driver gas, variation in vy
will play an important part in determining the change 1n tailoraing Mach number
with 1ncreasing absolute driver pressures,

Shock attenuation has not been considered in the above calculations,
This wall certainly have an effect on the tailoring Mach number but this, 1t
is considered, will not be signifiocant unless very strong attenuation a1s

present,
Inefficiency/
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Inefficicnoy due to bad diaphrage opening will also affect the
energy relations, but this will be noted from experamental P, va. Mg plots.

Even though the tailoring Mach number has bcen shown to be lower
than ideal this does not mean that the best pressure-time profile for
shock-tunnel work wall be at this lower Mach number. A higher Mach number
may be chosen 1f the overall pressure time profile 1s more suitable since it
1s known19:15 thay acceptable tailoring conditions cxist over a small range
of Mach numbers around the ideal value.
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