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1.0 INTRODUCTION

The performance of a shock tunnel is mainly controlled by the driver
gas composition, the diaphragm pressure ratio, and the initial tempera-
ture of the driver gas. With hydrogen as the driver gas, at a particular
temperature, the maximum performance is limited to that achieved with
an infinite diaphragm pressure ratio. Better performance may only be
obtained by increasing the temperature of the driver gas. Several
methods are available for accomplishing this, for example, resistance
heaters, arc heating, combustion and compression heating. Experience
at the von Karman Institute in the use of piston-driven facilities (Longshot
described in Ref. 1 and the Piston-Driven Shock Tube described in Ref. 2)
has shown that compression heating has many advantages over more con-
ventional methods. In particular, uniform heating of the driver gas to
very high temperatures { >3000°K) may be obtained without a complex
electrical power supply. Furthermore, the high pressure, high tem-
perature gas is confined to the driver tube for such brief intervals of
time (order of milliseconds (msec)) that the wall temperature does not
increase much above room temperature. This has advantages both in
the design of the very high pressure vessels required and in minimizing
the risk of a dangerous explosion from gas leakage or vessel rupture.

It has been shown that, at very high shock speeds, helium becomes a
more efficient driver gas than hydrogen (Ref. 3). By using helium any
probability of an exothermic explosion is removed.

The piston-driven shock tunnel in tailored-mode has been developed
and appraised by Stalker (Ref. 4) and Stalker and Hornung {(Ref. 5). An
initial appraisal of the presently configured AEDC HIHRO facility has
been carried out by Stalker and Pate (Ref. 6). This present study in-
volves an analytical study of an uprated version of HIRHO to achieve
combinations of high temperature and high pressure in air behind the
reflected shock wave in a useable running time {greater than 1 msec)
using the piston compression method of heating the driver gas.

The HIRHO facility, as currently planned, has.an internal-resistance-
heated driver and will use hydrogen as the driver gas. The driver is
6.25 m (20.5 ft) in length with an 18-cm internal diameter. The driven
tube is 12.5 m in length with an 18-cm internal driver. The downstream
end of the driven tube will have provisions for interchangeable nozzle
throats. Nozzle throat diameters of 12.7, 25.4, and 38. 1 mm were used
in the current calculations to determine tunnel run times.

The predicted performance of the unmodified HIRHO facility using
hydrogen driver gas is given on the following page. The performance
figures are for the pressures and temperatures in the reflected shock
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region of the driven tube, i.e., immediately upstream of the nozzle
throat.

Tunnel Performance with a 1000°K Heater

Pressure, atm Temperature, °K
5000 6000
4000 7000
3000 8000
2000 9000

Tunnel Performance with a 1600°K Heater

Pressure, atm Temperature, °K
5000 10300
4000 10900
3000 11600
2000 12300

Tunnel run times of 1 to 3 msec were predicted for the conditions given '
above.

From the performance figures it is deduced that the driver tube can
withstand pressures of the order of 10, 000 atm. It is assumed that for
the purposes of this study, the driver can be increased in length with an
extension tube of the same internal diameter and with a pressure rating
of no more than 2000 atm. Also a reservoir vessel of a diameter three
times that of the driver, with approximately the same length of driver
and with a pressure rating of 1500 atm, is required to drive the piston.
These extensions could be added for a relatively small expense. In this
study, it was assumed that the piston weight was 300 kg and that the petals
of the broken diaphragm would fold into recesses in the tube allowing the
piston to pass and come to rest at the nozzle end wall under the cushion-
ing effect of the mixture of driver and test gases. Such a method has
been used by Hovstadius (Ref. 7).

Preliminary calculations showed that the densities of the piston
driver gas, the shock tube driver gas, and the test gas of the piston-
driven shock tunnel under investigation were so high that intermolecular
forces have to be taken into account. High temperature imperfections
also have to be included in the shock tube driver and test gases. The
thermodynamic information of the likely gases (hydrogen, helium, nitro-
gen, and air) considered to be presently the most accurate at combined
high temperature and high density conditions are usually in the form of
tabulated data derived from theories based on statistical mechanics
(Refs. 8 and 9). At extreme conditions, such tables remain unverified
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experimentally. Furthermore, for numerical performance studies of
the piston-driven shock tunnel in which multiple calculations of the
Riemann function and Rankine-Hugoniot equations of real gases have to
be made, simplifications of the equations of state are required to make
a reasonable parametric study.

Section 2. 0 of this report presents a review of the equation of state
models for dense high temperature gases used in this study. Section 3.0
describes briefly the four main computer programs devised. The re-
sults are presented and discussed in Sections 4. 0 and 5. 0, respectively.

2.0 REVIEW OF EQUATION OF STATE MODELS
FOR DENSE, HIGH TEMPERATURE GASES

Calculations of performance of shock tunnels and piston-driven
facilities often use simplified equations of state. For example, Enkenhus
(Ref. 2) used the Lewis and Burgess model (Ref. 10) to calculate the
properties of air through a normal shock; Siegel (Ref. 11) used Abel-
Noble and Van der Waals models for dense helium and nitrogen. The
advanced piston-driven shock tunnel under study requires more sophisti-
cated equations to take into account the combined intermolecular force
and internal energy terms. The computer (IBM 1130) limitations at the
Institute meant that only analytical equations of state could be used, simi-
lar to that developed by Enkenhus and Culotta (Ref. 12) for nitrogen.

The following equations of state were selected for the study.

Air: The conditions expected to be encountered in the air test gas
are up to 5000 atm pressure at 10, 000°K temperature. Dense gas
models for this mixture of two main gases with different species at high
temperatures is particularly difficult to describe analytically. A gross
assumption was made that the molecular separation at these high tem-
peratures was so large that dense gas effects could be ignored. The
Hansen model (Ref. 13) was thus selected.

Helium: The virial form of the equation of state by Miller and
Wilder (Ref. 14), considered by these authors to be accurate over the
range up to 3600 atm and 15, 000°K partially covers the expected range
of conditions needed by a helium shock tunnel driver of 2000°K and
10, 000 atm.

Hydrogen: The equation of state of Woolley (Ref. 15) considered by
this author to be accurate over the range up to 20, 000 atm and 3500°K,
and agreemng with the calculation of Reggiani (Ref. 10) which are based
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on the "6-12" Lennard-Jones potential covers the expected range of con-
ditions needed by a hydrogen shock tunnel driver of 2000°K and 11, 000 atm,

Algorithms to solve the Rankine-Hugoniot relations for the flow
across a normal shock and to compute the Riemann function for calcu-
lating the flow across expansion waves, were developed for the gas
models mentioned above. TheSe and their application to the perform-
ance study of the shock tunnel, the results of which are explained in
Section 4.0, will be reported in a forthcoming VKI publication (Ref. 17),

3.0 CALCULATION METHOD

The calculations were carried out in four stages using separate
computer programs. Reference to Figs. 1 and 2, illustrating the op-
"eration of the facility and the wave processes of the shock tube part,
respectively, will aid understanding the programs, which will be de-
scribed more fully in a forthcoming publication (Ref. 17). Typical out-
puts from the programs are given in Tables 1 to 4, respectively.

3.1 TAILORED-MODE REFLECTED SHOCK TUBE
PERFORMANCE CALCULATION

Using the usual shock tube equations the computer program calcu-
lates the temperature behind the reflected shock, Tg, in the test gas
originally at room temperature, and the driver gas pressure, P4, re-
quired to generate pressures behind the reflected shock, Ps, from 2000
to 5000 atm using driver gas temperatures between 1000°K and 2000°K.
The assumptions of Wittliff et al. (Ref. 18) to determine the tailored
conditions were used. This occurs when the gas behind the positive
going wave (KL', caused by the interaction of the reflected shock wave
with the contact surface) has zero velocity and a pressure equal to that
behind the reflected shock wave. Another way of putting this is that

u5=u6=0
P5 = Pg

In this region it is assumed that the gas is homogeneous. The shock is
thus transmitted without creating additional waves. The method of cal-
culation is then as follows:

I - guess initial shock Mach number and compute, from initial
temperature and pressure in the test gas (air), the conditions
behind the incident shock (Region 2} and behind the reflected
shock (Region 5).
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IT - Knowing the reflected shock Mach number calculate the
velocity and pressure change in the driver gas (Region 3)
after shock passed through the interface (tailoring conditions).

III - Calculate conditions in the driver gas at the beginning
(Region 4) by using the Riemann variable (expansion fan).

IV - If temperature in Region 4 is not correct, change initial shock
Mach number and repeat steps I to IV.

The method of calculation will be described with more details in Ref. 17.

3.2 TAILORED-MODE REFLECTED SHOCK TUBE RUNNING
TIME CALCULATION

For the cases examined in Section 3. 1 this program calculates the
length of driver tube necessary to generate a given running time defined
as the time from the arrival of the incident shock wave to the arrival of
the reflected rarefaction wave. The usual shock tube equations and ex-
pressions for the flow of gas through an orifice are used and real gas
effects are assumed to calculate all the events, J, K, 4, 3, N, M, L, L', L.",
and I, given in the wave diagram of Fig. 2.

The following main assumptions are made:

i. The diaphragm bursts.when the piston is momentarily at rest
(or more precisely, when uniform conditions exist throughout
the driver).

ii. Viscous effects are ignored such that there is no shock wave
attenuation.

iii, Heat-transfer losses to the walls are ignored in Region 5.

iv. The effect of the flow through the nozzle is felt immediately
in the region behind the reflected shock wave.

3.3 ISENTROPIC COMPRESSION CALCULATION

This program calculates, assuming an isentropic compression of the
gas with a given initial temperature (this assumption was verified for a
helium driver gas by the tests described in Ref. 19 for the range of
driver gas considered, i.e., up to 2000°K), the initial pressure that
would be required to achieve the driver conditions of the shock tunnel in
program (a) and the compression tube length to provide the driver tube
length of calculation (b).
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3.4 PISTON CYCLE CALCULATION

This program calculates the basic conditions required to drive the
300-kg piston, thus generating the shock tube driver conditions calcu-
lated in program (c) with a driver tube length estimated by program (b).
As shown in Section 4. 0, it was found that to obtain realistic driver tube
lengths the gas used to drive the piston was required to be room tem-
perature helium. It was assumed that the piston speed was so low that
an assumption of infinite speed of sound of the gas both upstream and
downstream could be used. This assumption was satisfactorily checked
out by comparing several cases with calculations using the full char-
acteristics solution. -

4.0 PRESENTATION OF RESULTS

The main numerical results of the parametric study of the piston-
driven shock tunnel are given in Tables 5 to 8%. Table 5 reviews the
values of input conditions T4, P5, T4; Tji, Tgj piston weight, testing
time, shock tube length, and constituent gases chosen to be studied.
Table 6 gives the calculated values of the parameter Mg (i.e., shock
Mach number), Tg, P4 required to obtain tailoring conditions in the
shock tube and P4; and A (compression ratio) for two values of T4; (203°K
and 500°K) to achieve the necessary driver conditions. Table 7 gives I,
(distance between the shock tube diaphragm and the position at which the
piston comes to rest), L. (compression tube length) required to give a
running time of 2 msec, ignoring viscous effects, terminated by the
arrival of the head of the reflected expansion wave for a shock tube length
of 64 ft. The values of Pg; (initial piston driver gas pressure) and Vp
{piston velocity) are also given. Table 8 gives the same parameters as
given in Table 7 but with values for shorter shock tube lengths con-
sidered to be optimum to obtain a running time of 2 msec. These results
are illustrated graphically in Figs. 4 to 11 in order to assist the ensuing
discussion of the results. The final driver gas temperature, T4, is
used as the primary variable.

*Copies of the complete computer readouts are available from VKI.

10
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5.0 DISCUSSION

5.1 CHOICE OF RESERVOIR GAS

The following physical reasoning, based on calculations made early
in the study, was used to select helium at room temperature as the opti-
mum reservoir gas to drive the piston.

i. Unsteady one-dimensional flow solutions {e.g., Ref. 20) of
shockless piston compression of gases show that a heavy
piston is most efficient for extracting energy from a reser-
voir gas. This is because a large piston travels more slowly
than a light one; hence, the strength of the expansion wave is
lower and the pressure acting on the back of the piston is
higher. For a 7-in. internal diameter tube, the weight of a
steel piston with the largest practical length is estimated to
be 300 kg.

ii. Helium is more powerful than nitrogen or air as a piston driver
because it not only has a much higher sound velocity, but also
its high value of the ratio of specific heats allows smaller
driving pressure loss. Furthermore, the compressibility
factor at the high pressure conditions anticipated is smaller
than air or nitrogen at the same pressure and temperature
conditions. Some alleviation of the adverse effect of com-
pressibility could be made by preheating the reservoir gas.
Although it is found in calculations that considerably better
performance using nitrogen could be achieved by heating to
500°K than operating at room temperature, only slightly better
performance (about 2 percent) could be achieved by heating
the helium gas. Hence, room temperature helium was
selected as the reservoir gas.

iii. At these selected conditions, it was shown that it is satis-
factory to assume that the reservoir gas {(and driver gas) has
infinite sound speed in order to calculate the compression
cycle. This was verified by carrying out check cases of the
cycle using the complete characteristics solution.

5.2 FACTORS CONTROLLING THE TESTING TIME

The running time of the reflected shock tube may be terminated by
four possible events dictated by the arrival at the end wall of the follow-
ing waves:

11
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i. The reflected wave generated from the interaction of the re-
flected shock wave, JK (see Fig. 2 for explanation of symbols
and Fig. 3 which gives a typical computed wave diagram) and
the contact surface OK, (point L').

ii. The head of the reflected rarefaction wave (L).

iii. The reflection from the diaphragm station or piston face of
the reflected shock wave (L').

iv. The contact surface (I).

The use of tailoring is assumed to eliminate (i) as a criterion for
terminating the run time, and until further estimation of the possibilities
of cancelling the expansion wave by means of the piston forward motion,
it is apparent from Fig. 3 that (ii) will provide the practical termination
of the testing time since events (iii) and (iv) will occur later.

The most practical approach considered by the authors to carrying
out the parametric study was to calculate for a known shock tube length
the distance from the diaphragm station to the piston face, Ly, to achieve
a useful running time considered to be 2 msec. The values of L, ob-
tained are discussed later. Values of the running time denoted by JL",
JL', and JI for a typical value of L, are on the order of 2 msec, 10 msec,
and 300 msec, respectively, thus justifying the selection of criterion (ii).
Running times of 1 msec and 3 msec were also considered.

It has been checked also that the diameter of the nozzle throat does
not significantly change these values, Therefore the 0.5-in. throat
diameter was used in all the calculations (see Ref. 21).

Using the present configuration which features a constant diameter
section from the compression tube to the shock tube, it is obvious that
cancellation of the rarefaction wave will be very difficult, since the
piston would have to be moving with a velocity on the order of that of the
contact surface (equal to the flow velocity behind the shock). The
velocity involved a large fraction of a kilometer per second. Further
comments about cancellation of the expansion wave will be given later.

The use of constriction in order to achieve wave cancellation was
not considered in this study, because of the degradation it would cause on
the design performance as described in Ref. 6. It will be seen that to
achieve such performance, the designer will already be hard-pressed to
overcome structural difficulties of containing very high pressures with-
out having to consider features that will increase tube pressures even
further. '

12
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Using the arbitrary choice of 2 msec, it is found that L., can be re-
duced by decreasing the length of the shock tube. The minimum shock
tube length required to attain this running time is found to be approxi-
mately 54 ft for hydrogen and 34 ft for helium. These shock tube lengths
were also used in the parametric study. Viewed in a different way,
longer running times can be achieved for the same shock tube length
using helium as a driver gas instead of hydrogen. This is caused by the
slower speed with which the reflected head of the rarefaction wave
catches up the contact surface and the position at which it bisects the
tail of the rarefaction wave (point 3 in Fig. 2). Some conclusions given
later indicate that if the level of shock tube driver temperature is not a
main consideration, then helium can be as powerful a gas as hydrogen.
It would be of value to examine the effect of using driver gases of even
higher molecular weight to check whether equivalent performance can be
achieved but with even larger running times (meaning a shorter facility
for a chosen running time). An appropriate gas to study would be argon,
or a mixture of helium and argon.

5.3 PARAMETRIC STUDY

The superior performance of a hydrogen driver over helium in con-
ventional tailored-mode reflected shock tunnels is illustrated in Figs. 4
and 5. If the driver gas is heated to the same temperature, T4, then
much stronger shock waves and hence higher temperatures, Tg, are
generated in air for the same pressure, P5. In a piston-driven facility,
the value of the driver gas temperature no longer becomes an important
structural problem, since the gas is at that temperature for such a short
period of time that the tube walls do not become further heated by an im-
portant amount. As T4 is not an important consideration then it can be
seen that for P5 = 5000 atm, for instance, then an equivalent perform-
ance of T5 = 12, 000°K can be achieved using either a helium driver gas
at 2000°K or hydrogen at 1000°K. In the following examination of other
variables of the piston-driven shock tunnel cycle, we shall call the above-
mentioned equivalent performance cases, Case A (helium driver at
2000°K) and Case B (hydrogen at 1000°K), respectively, to facilitate the
comparison of the efficacy of the two gases. These parameters are
reviewed in Table 9.

The first advantage of using a helium driver instead of hydrogen is
illustrated in Fig. 6. The helium driver Case A requires 8720 atm
driver pressure, 20 percent less than that required for the hydrogen
driver Case B, i.e. 10,900 atm. The incident shock Mach numbers,
Mg, and initial test gas pressure, pi, for cases A and B are 12.07 and

13
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2.57 atm and 15.48 and 1.45 atm, réspectively, as shown in Figs. 4
and 7.

The driver tube length, Lp, after compression required to obtain a
running time of 2 msec for helium and hydrogen is illustrated in Figs. 8a
and b. Shock tube lengths of 16.3 m (34 ft) and 19.5 m (64 f't) for the
former case and 16.4 m (54 ft) and 19.5 m (64 ft) for the latter are
shown. It canbe seen that the minimum length of Lp for Case A is
3.45 m (11 ft) and for Case B is 5.39 m (17. 7 ft). Both of these values
are lower than the projected length of the projected HIRHO facility
(6.1 m, 20 ft), and it is clear that a smaller length of tubing at which
the very high pressures, P4 (order of 10, 000 atm) have to be contained
is required for helium than hydrogen. It is pointed out that the tubing, a
little upstream of the position at which the piston comes to rest (defined
by Lp), need be stressed only for pressures on the order of 1, 000 atm.

The compression tube lengths necessary to achieve the design condi-
tions are plotted in Figs. 9a and b for helium and hydrogen. A slight
advantage of the hydrogen Case B over the helium Case A is that a
shorter compression tube is required. It can also be seen that in order
to keep to a realistic value of the length of the compression tube (i. e.,
below 30 m) then the driver gas will have to be preheated by, for
example, a resistance heater to 500°K in both cases.

Figures 8 and 9 also demonstrate that there is a penalty in either
running time (for a fixed geometry) or length of compression tube (for
a design running time) if higher temperatures than those used in Cases A
and B are used. Figure 8b, for example, illustrates that for a fixed
geometry, i.e., a shock tube length of 54 ft or 64 ft, then the maximum
driving temperature for hydrogen that can be used to obtain 2 msec is
less than 1600°K and 2000°K. Figures 9a and b also illustrate that at
these high temperatures then the compression tube becomes increasingly
longer. This penalty offsets the advantages in terms of performance of
running with high T4-

Finally, Figs. 10 and 11 illustrate the important parameters of the
compression cycle. Again the helium Case A has an advantage over

hydrogen Case B in that both Pg; and P4; are lower in the former case
(1620 and 248 atm against 3480 and 884 atm).

CONCLUSIONS

The following conclusions are made on the results of this parametric
study of piston-driven shock tunnels.
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It has been shown that helium is a better driver gas than
hydrogen in terms of performance and running time on all
counts except one. That is that the compression tube re-
quired is longer for helium than hydrogen, an unimportant
feature since the tube is relatively lowly stressed over most
of its length. This conclusion arises from the realistic assump-
tion, different from that required for a conventional shock tun-
nel, that the level of driving temperature T4 is unimportant.
Further calculations may reveal that an even higher molecular
weight gas may be more efficient than helium for the piston-
driven mode of operation.

It was found at an early stage of the calculations that to achieve
the running conditions planned for the AEDC HIRHO facility,
that imperfections, associated with both high temperatures and
high densities, in gas properties would have to be accounted for
in the flows in all three chambers of the piston-driven facility.

The running time of the conventional tailored-mode reflected
shock tunnel, with the dimensions and performance planned for
HIHRO, appears to be terminated by the reflected rarefaction
wave, rather than by the re-reflected shock wave from the
diaphragm station or the contact surface reaching the end wall
(due to flow of the shocked test gas through the nozzle throat).

The calculations show that generally the compression tube
lengths calculated are always more than that planned for HIRHO
(6.25 m) to achieve planned running times on the order of

2 msec; however, the expense in providing an extension tube
may not be considerable. This is because the high pressures
are only generated in the last 3 to 4 meters. Only low pres-
sure rated tube (1000 atm) is necessary upstream of this.

The values of the temperature behind the reflected shock wave
(T5 in Table 2) for a hydrogen-driven-tunnel are higher than
those values calculated by AEDC and have an opposite trend
with increasing pressure, Pg. It is thought that this is caused
primarily by the different thermodynamic models of the air test
gas used, and perhaps also in the model for the hydrogen driver
gas.

Shock tube driver temperatures, T4, of 2000°K for helium and
1000°K for hydrogen appear to be optimum from the point of
view that for lower T4 the overall pressure levels become
higher and for higher T4 the compression tube lengths become
larger for a specified running time. An initial driven tempera-
ture of 500°K was required to reduce compression tube lengths

15
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to a reasonable value, which, however, were still greater than
planned for HIRHO.

7. Although the calculation has not been carried out, if it is
assumed that the reflected rarefaction wave is not cancelled,
then similar running times may be achieved by not using tailor-
ing conditions. If this is so, then the operation of the tunnel
can be made much more flexible.

8. Calculations were made to check whether it was feasible to
cancel the rarefaction waves by forward piston motion. For
the constant diameter tube considered here, it was found that
the piston was required to be so fast as to be impractical. A
constriction was not considered as a means of cancelling the
rarefaction wave because of its detrimental effect on the per-
formance. Studies are required for the case of a larger diam-
eter compression tube as a means of achieving wave cancella-
tion.

9. Allowing the diaphragm petals to fold into recesses such that
the piston passes through the diaphragm station to come to rest
at the nozzle end is suggested as a means to overcome the
problem of removing the piston energy in this case of equal
diameter compression tube and shock tube. Some calculations
are necessary to ensure that unrealistic pressures are not built
up at the nozzle end of the tube.
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Figure 1. Schematic of Piston-Driven Shock Tunnel Operation
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Table 1. Typical Computer Output of Tailored-Mode Reflected
Shock Tube Performance Calculation

PERFECT GASES

DRIVER=HELIUM TAILORING COMDITIONS TEST=AIR
HS« 10.36 MR= 2,583
| l 1 2 1 3 1 L l 5 | 4] |

G T D n D S S D S D R Gy D R R R R D R S R D D R R D e R ey TP s D M TS M M ED R S D S SR G S SR S s e e e e e e S R T G SR s T SR SR SR E GD SR GD M S D M M R SR R e e

| 0.52394E 01 1 0.65562E 03 | 0.65562E 03 1| 0.67232E O4 | 0.50000€ C4 | O.500DO0VE o4 | ATM

| 0.42844LE 01 | 0.2003E 02 | 0,22719E 03 | 0,91823E 03 | 0,96090E 02 1| 0.76004FE O3 | AMGT

D D e e e e e T R R b ey e S T D R D R D S SR ED TP e e SE D DD TS D M ep M S P e S e o P S T S e W S e S D P e G S P S G P e G P SR R ED es S

I 0.3u3548 03 | 0,36049E O4 1 0.1652S€ O4 | 0,26322E Ot | 0,23927E 0% | 0.249S50E O | M/S

| 0.00000€ 00 | 0.29392E 0% | 0.29332E O4 | 0.00000£ 00 | 0.00000€ 00 | 0.00000E 00 | M/S
cAse 3 REAL GASES
DRIVER=HELIUM TAILORING CONDITIONS TEST=AIR
MS= 12.07 MR= 3,17
I 1 | 2 ] 3 I " I 5 I 6 1

! 0.25718E 01 | O0,46635E O3 | 0.46635E 03 | Q.87183E O4 | 0.50000€ 04 [ 0.50000€ O4 | ATM

| 0.29300€ 03 1 0,55721€ 04 1| 0.64240E 03 | 0,20000€ O4 1 0.1Z219E 0S5 | 0,22976E€ 04 | K

- — T " > T D D D e T D D D D D S S P R WD S SR s G e T D v ED B e S S SR SR R R S S D S o S e D S D e R S S S P T e D TS A n P Gl o A S M M W S M M WP SR e e
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Table 1. Concluded

PERFECT: GASTS
DRIVER=HYDROGEN TALLORING CCNDITICNS TEST=AIR

MS= 11.4285 MR= 2,5950

- e e S e S e RN SR e M M A A SRR WA EA e W e SR e S EA S M S A S D S AP e S e R S S e R A - Y - D e TP SR Ay R A = ey e am TP we e W
Eade e R e I I e e e T S S g . S,

1 0.39820E O1 ' 0,23011E 02 ! O.33249E 03 | 0,.15947€ 04 | 0,79238E 0Z 1 O,11LLYE O 1 AMGT

o e . . S B e S G T G R R SR e SR W S em e s mm S e A S AP S S S S MG SR R SD MG MU SR MU MR E M S S S E S SR ML ML e SRS SR GE A R A N A M WA e e

1 0.34354€ 03 1 0,17631E O¢ | O, L7S3LE 04 1 0.24124E 04 | 0.26348€ O4 | 0,25348E &% 1 M/S

1 0,00000F 00 1 O,32487E 04 ) 0,32457E 04 | ©,00000E 00 |} 0,000CCE 0O | O,000008 00 1 M/S

chASE Ib REAL GIST5
DNWVER=HYNROGEN TAILORINS CONDITIONS TEST=AIR

MS= 15,4874 MR= 35,2045

1 1 ! 2 1 5 1 4 1 5 1 6 !

- = v e e e M e SR RS M MR EEs S E S MR R M M N A =T MM MM T MR - T e e MM e MM M- N e S o

1 C.1L614E O1 | O, L3364F €3 1 0,u3964E 03 1 0,10381€ 05 1 £ ,50000€E ¢4 1 0,50000F 04 1 ATM

- . . . e S S R RS S A EE AR e N Tm A TR SR AR T e GE A SN EE S MM ML e T W T MM TN R ER WU m e T SR M GPE TR @GP T RS R GRS Gn e S e S e

1 £,293C9% 93 | 0,740L6E O4L | 0.L1052€ 23 1| 0,10000€ O4 1 0.12033E 0S5 | 0.11502€ 0b ! X

1 ©,13624E €1 1 0,13099€ 02 1 0,25167E 03 1 Q2. 11244€E O 1 7,76353F €2 | O0,68711F 03 | AMGT

- - e . = . =GR e A A e N SR A SN e e e ERER e AP S e R e e T G Gn e SRS A S SR AE S M e e S ML SR En e S P TP e MO N NS e WP NS S Gn WS e

| 0.3%341E 03 | 0,17982E 04 1 Q.18723E ¢4 | 0\54179¢ 04 1 0,25135€ 0% 1 O, L1S9JE 0b 1 M/S

! 0,.00000E OO0 | 0,%7593E 04 ) 0.47593¢c 04 | 0,00000C OO 1 O,00000€E O0C | €©,00C00E Q0 | M/S

- N P S ey e e M m e e T A EA S T M M e e e e e e e e e e e s e N S G AP N MRS SR MG MRS EE D e G D G e e e G S T TP ML SR Wl e SR P RN we e W =
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Table 2. Typical Computer Output of Tailored-Mode Reflected
Shock Tube Running Time Calculation

CAsSE 9

THROAT DIA.= C,5 INCH RUN TIME G.T, 0,662 MS
POINT | X= 19,507 M TIME= 184,720 MS

RUN TIME= 2,0 15

POINT L X= 19,507 M TIME= 6.700 1S
POINT M X= 18,249 M TIME= G.177 MS
POINT N X= 15,948 M  TIHE= 5,403 HS
POINT 3 X= 8,234 N TIME= 4,000 S
CURVE BETWEEH POIKRT 3> AND POINT &

X T

H 145

8,234 4,000
6,919 3,746
5.305 3.523
4,848 3,537
h,017 3,170
3,239 3820

2.045 2,886
2,073 2,766
1.560 2,656
1,098 2,558
0.680 2,404
0.300 2,380

-0,04G6 2,302 CASEY

~0.364 2,229 —_———

-0,657 2,162 HELTUH ODRIVING AIR
~-0,926 2,099

~1,176 2.040 P5= 5000, ATM  T4= 2000, K T1= 295, K
-1.403 1.93

~1.624 1.932 P5= 5000, ATM T5=12219, K RS= 93, AMGT
~1.82h 1,338 PS= 2696, ATM TS=10471, K RS= 59, ANAGT
-2,012 1,338 .

~2,1883 1,794 PS/P5= 0,5393 T3/7S5= 0,8570 QRS/R5= 0,6303
~2,353 W75

_%_:63 i_;ig MAX,RUN,.T14E= 8,205 WS

~2,654 1.676

-2,791 1.6u40 POINT J X= 19,507 M TIME= 4,706 MS
-2,921 1,606 POINT K X= 18,241 M TIHKE= 4,375 M§

~3,043 1,573
~3.159 1,542
-3,269 1,513
=3.374 1,434
-3.,473 1,457
~-3,567 1.430
-3.657 1,405
~3.743 1.381
-3.,824 1,358
~3.902 1,335
-3.976 1,313
-4 0u8 1,293
=4, 116 1,272
4,181 1,253

HENIMUIY DRIVER LENGTIH= h.131 N
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Table 2. Concluded
THRQAT D14, = 0,5 INCH RUN TIHE 6.T, G132 HS
PNt 10" 4%s "10.505 M " Yimen 186579 w5
W TIMES 2,0 418
POTHMT I X= 19,507 M TIME= 5,672 M5
POINT M X= 13,407 ¥ TIMEs 5,236 MS
POINT N X= 15,086 M TIMF=  h.bikl M3
POINT 5 X« 121,975M TIMT= 3,836 MS
CUNVE BETWEEN POINT 3 AND POINT b
X T
" Ms
075 3,8
13 00 37593 cmse |p MYDROGEN  DRIVING AIR
Tl ow P5= 5000, ATH Th= 1000, K T1= 293, K
2TON%  3Teas  P5= 5000, ATM T5=12099, K RS= 75, AMGT
4'220 2760 PS= 2211, ATM TS5=11101, ¥ RS= 47, AMGT
,.h L
3 aay 2838 p/ps= 005622 TS/TS= 0.0249  RS/RS= 0.6231
o ,
dress Y6 mAX.RUN,TIME= 5,785 MS
H‘;g ;21:3‘; PAINT J  X= 19,507 ¢  TIMF= 3,672 MS
0:190 2:035 PNINT K X= 18,397 W TIMF= 3.865 M3
-0.219 2,015
-r.601  1,94)
-0.957 1,826
-1,291  1.328
1605 1,772
1,900 1,720
-2.172 1,671
-2.460  1762%
-2.638 1,579
-2.923 1,537
=3.165 1,496
-3.358 1,458
-3.560 1,421
-3.752 1,336
-3.936 1,352
-k, 111 1,320
-4.279 1,239
4,440 1,260
-4.50u 1,231
-4.782 1,204
-4 .884 1,178
-5.021 1,153
-5.153 1,128
-5.277 1,105
-5.402 1,082
-5.5206 1,061
-5.63% 1,039
MINIMUY DRIVER LFNGTH=  5.634 M
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Table 3. Typical Computer Output of Isentropic Compression
Calculation

A5, . HYDROGEN

T4 = 1000.0 % R = 11264 ,40 AMGY Ph =11242,.988 KG/CH2
T4l= 293.0 K Rét= 1i5,61 AMGT Pyl= 138.817 Ke/cM2

Case S/R= 12.088 LAMBDA= 9.725

Ib | GAS...HYDROGEN

Th = 1000,0 K Ri = 1120.490 AMGT Ph =11242.989 K&/ M2
Thl= 500.0 & Ril= 359,11 AMGT PLI= 913,836 RG/CH2
L S/R= 12,488 LAMBDA= 3.13%

( GAS .. . MYDRIGEN
Th = 009,00 K RG = 987,65 AMGT PG = 8643,.792 KG/LMZ

Thl= 295,0 K Rbi= 91.78 AMGT Phl= 108,288 KG/CM2
Co.at 5/R=  12.3h1 LAMBDA= 19,760

2b | qas...HYDROGEN

4 = 1000.0 K R = 987,65 AMGT  Ph = 8543,792 KG/CM2
Thi= "500.0 K Rhl= 295.54 AMGT Pul= 700,398 RG/CH2
L S/R= 12.351  LAMBDA=  3.344

¢ GAS,...!YDRQGEN

T™h = 1000,0 K R4 = 825,20 AMGRT Piv = B193,233 KG/CM2

Til= 293.0 K Rhl=  67.94 AMGT  ul= 78.736 KG/OM2
We{ S/R= 12.b65  LAMBDA= 1.2,.145
3b GAS . . JKHYDROGEN
Th = 1000,0 K R4 = 825,20 AMAT  PL = 6198.235 KG/C€M2
Thl= 500,90 € REV=s 227,12 AMGT  Pial= 514,081 KG/CM2Z
L 3/R= 12,665 LAMRDA= 5,833
. f SAS .. JIWDROGEN
T = 1600.0 KRG = 879,54 AT Ph =10394,0L08 KO/CM2
. Thil= 293,00 K Riy| = 20,09 AOGT Pl = 23,4865 KE/ 0442
case S/it= 13,838 LAMBOA= 42,093
£b

GAS,. . BYDROAREN
Th = 1600.0 K RLh = 879.34 AMGT PL =16390.405 KG/CM2

T&l= 50,0 K Rul= 76.00 AMGT Phi= 152,335 K5/CM2
5/R= 13.8388  LAMBDA= 11,557
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AAS,. . ITLITUY
T4 = 2000,0 K
T4r= 293,00 K
S/R=  1h W39
NS, .. HELTUY
T4 = 2000,0 ¥

Ts41= 500,00 X
S/R= 14,430

GAS, . .HCLIU

™ = 2000,0 ¥
Thi= 293,0 X
5/= 14,6506

GAS, . JHELTLU
T4 = 2000,0 X

Thi= 500,00 K
S/R= 14,656

AAS, . ITLIIM

Th = 2000,0 %
Tal= 293,00 %
S/R= 14,936

NAS, . IFLIUY

™ = 2000.0 K
Thi= 500,00 ¥
S/7= 14,936

Table 3.

Concluded

Rk = 879,90 AMAT

Wi= 58.59 AT
LAMBOA= 15.017

v = 873,90 AMNT
Rliit= 127,13 AIAT
lLAMBNA= 6,921

Rh = 733,12 AM"T
Ril= 57,43 AMAT
LAMBDA= 15,450

ny = 733,12 AMIAT
Mt 103,082 AUNT
LAMBD A= 7.083

R = 574,43 AYNT
Ryt = 36,02 AInT
LAMTN A= 15,94

Ry = 574,48 AINT
USRS 78,37 AINT
LAMIRNAS= 7.274
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Py =
D a

Py
Pht

Py =
Phit =

Ph. =
Phl=

Py =
Pht=

9008,0h1
66,940

7132,.595
53.372

5290, 748
40,6738

5290, 743
155,217
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KG/EM2
KG/cM2

KG/ QM2
KG/ o2

KRG/ CM2
KG/ 042

Kn/rei2
KN/t

Pals)
Pl ]
2o
—-
ranNS

K~/r12
RR/e2
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Table 4. Typical Computer Output of Piston Cycle Calculation

cASE 9 PP7 PAGE 1

HELIUM DRIVING HELIUN M=300, KG L=24.0000 M LAz25M
P4y = 255,837 KG/CM2 Thl = 500,0 K
POl =1677,200 KG/CH2 TO! = 293,0 K

T X 0X/07 PO TO PY Ry T4
(SEC) (14} (M/SEC) KG/CM2 (K) KG/CM2 AMAGAT (K)

0.00000 24,0000 0,00 1677.19 293,0 255,886 127,13 500,0
0.00250 23,9652 27,50 1676,49 292.9 256,536 127,31 500,5
0,00500 23,8626 54,62 1674,41 292,8 258,475 127,86 502,0
0.00750 23,6922 81,64 1670,98 292,5 261,742 128,78 504,5
0.01000 23.4545 108,49 1666.20 292.2 266.4%11 130.08 508,0
0.01250 23,1499 135,13 1660,11 291,8 272,591 131,80 512,.7
0.01500 22,7790 161,49 1652,74 291,2 280,429 133,94 518,5
0,01750 22,3427 187,52 1644.13 290,6 290,119 136,56 525,5
0.02000 21,8418 213,15 1634,33 290,0 301,916 139,69 533,9
0.02250 21.2773 238,31 1623.,39 289.,2 316.149 143,40 543,7
0.02500 20.56506 262,93 1611,37 288,35 333,240 147,75 555,2
0,02750 19.9631 286,93 1598,35 287.4 353,740 152,84 568.5
0.03000 19,2166 310,20 1584,38 236.4 378,365 158,77 583,8
0.03250 18,4123 332,63 1569,55 285,3 408,060 1G65.70 G60l.5
0,03500 17,5542 354,10 1553,94 284,2  &4u4L,Q84 173,81 622,0
0.03750 16,6433 374,44 1537.63 283,.0 488,140 183.32 645,7
0.04000 15,6831 393,45 1520,72 281,8 542,573 194,55 673.1
0.04250 14,6773 410,87 1503,30 230,5 610,667 207,88 705.2
0,04500 13,6303 426,38 1485,49 279,2 697,125 223,85 742,9
0.04750 12,5474 439,52 1467.40 277,8 808,837 243,17 1787,6
0.05000 11,4352 449,67 1449,17 276.,5 956,157 266.82 840,9
0.05250 10,3022 455,95 1430,95 275,1 1155,077 296.16 905.4
0.05455 19,3655 457,31 1416,15 273,9 1374,041 325,78 963.8
0.05480 9,2512 457,19 1414,36 273.8 1405,205 329,81 977,3
0.05505 92,1369 157,00 1412,57 273.7 1437.488 333,93 986,0
0.,05530 9,0227 456,75 1410,79 273,5 1470,943 338,16 994,9
0.05555 38,9085 456,42 1409,01 273,4 1505,621 342,49 1004,0
0,05580 38,7945 456,01 1407,24 273.3 1541,573 346,94 1013,2
0,05605 8,6806 455,52 1405,47 273,1 1578,.864 351,49 1022,7
0,05630 8,5667 454,96 1403,71 273,0 1617,553 356,16 1032,4
0,05655 8,4531 454,31 1401.95 272,9 1657.705 360,95 1042,2
0.056380 8,3336 453,57 1400,20 272,7 1699,.334% 365,856 1052,3
0,05705 8,2263 452,74 1398,.46 272,656 1742,667 370,90 1062,.7
0.05730 3.1132 451,82 1396,72 272,4 1787.621 376.07 1073.2
0.05755 38,0004 450,80 1394.99 272,3 1834,330 381,37 108%4,0
0.05780 17,8879 449,68 1393,27 272,2 1882,873 386,81 1095,.1
0,05805 7.7756 448,45 1391.55 272,0 1933,340 392,40 1106,.4
0.05830 17,6637 447,11 1389.84 271,9 1985,816 398,13 1117.9
0.05855 7,5521 445,67 1388,14 271,8 2040,401 404,01 1129.7
0.,05880 77,4409 444,10 1386,46 271,7 2097,191 410,05 1141,8
0.,05905 7.3301 442,41 1384,77 271,5 2156.293 416,25 1154,2
0,05330 7,2197 440,59 1383,10 271,4 2217.812 422,61 1166,8
0.05955 7,1098 438,65 1381,44 271,3 2281.862 429,15 1179,8
0.05980 7,0004 436,56 1379,79 271,1 2348,559 435.85 1193,0
0.06005 6,8915 434,33 1378,15 271,0 2418,025 442,74 1206,5
0.06030 66,7833 431,96 1376.53 270¢.9 2490.391 4Lg9.80 1220.4
0.06055 5.,6756 429,42 1374,91 270,8 2565,791 457,06 1234,5
0,06080 6,5686 426,73 1373.31 270.6 2644,359 464,51 1249,0
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Table 4, Continued

(Ase 3(conT'D) PP? PAGE 2

HELIUIL DRIVING HELIUM M=300, KG L=24,0000 M LR:=15M
P4l = 255,887 KG/CM2 Tul = 500,0 K
POl =1677,200 KG/C2 TOl = 293,0 K

T X DX/DT PO T0 PU RY T4
(SEC) (M) (M/SEC) KG/CMZ (K) KG/CM2 AMAGAT (K)

0.06105 G6.4623 423,87 1371,72 270.5 2726,229 472,15 126G3,8
0.06130 6,3567 420,83 1370.14 270.4 2811,555 479,99 1279,0
0,06155 6.2519 417,62 1368.53 270,353 2900.480 488,04 1294,.4
0.06180 6.1479 414,21 1367,04 270,1 2993,153 496,29 1310,2
0.06205 6.0448 410,60 1365,50 270,0 3089,731 504,75 1326.4
0.06230 5.9426 406.79 1563.99 269,9 3190,373 513,43 1342,9
0.06255 5.8414 402,77 1362.490 269.8 3295,228 522,33 1359,8
0.06280 5.7413 598,52 1361,01 269.7 3404 446 531.44 1377.0
0,06305 5.6422 394,04 1359,55 269.5 3518.176 540,77 1394,5
0,06330 5,5443 389,352 1358,11 269.4 3636.,573 550,32 1412,4
0.06355 5.u447G6 384,35 13556,69 269.3 3759,768 560,09 1430,7
0.06380 5,3522 379,12 1355,29 269,2 3837,904 570,03 1449,2
0.06405 5,2581 373,62 1353,91 269,1 4021,078 580,28 1468,1
0.06430 5,1654 367,83 1552,55 269,0 4159.399 590,69 1487,.4
0.06455 5.,0742 3G1.76 1351,22 268.9 4302,933 601,30 1506.9
0.06480 4,J8u46 355,38 1349,91 268,8 4451.768 612.12 1526,.7
0,06505 4,8966 348,68 1348.63 263.7 4605.899 623,12 1546.9
0.06530 4,8103 341,67 1347,37 268.6 765,317 634,30 1567,2
0.06555 Uu4,7258 334,31 1346,15 268,5 4929.,967 645,64 1587,8
0.06580 4.6432 326,62 1344,95 268.4 5099.759 657.13 1608,.6
0.,06605 u,5625 318,56 1343,78 268.3 5274.503 068,74 1629.5
0.06630 4,.4839 310.14 1342,64 268,2 5453.997 680,46 1650,6
0.06655 h.4075 301,34 1341,54 263,1 5637,936 692.26 1671,7
0.06679 44,3333 292,16 1340,47 268.,0 5825,944 706,11 1692,9
0,06704 4,2615 282,59 1539,.43 268.0 6017,545 715,98 1714,.0
0.06729 &4,1920 272,62 1338,.43 267,9 6212,179 727.84 1735,0
0.06754 4,1252 262,24 1337,47 267.8 6409,149 739,63 1755,9
0.,06779 4.0610 251,46 1336.55 267,7 ©6607,693 751,33 1776.6
0.06804 3,9995 240,206 1335.57 267.7 6806.911 762,88 1796,9
0.06829 53,9409 228,66 1334,.83 267.,6 7005.782 774,22 1816.8
0.06854 3.8852 216,65 1334.03 267,5 7203,187 785,32 1836,2
0.06879 3.8326 204,25 1333,28 267,5 7397,858 796,09 1855,0
0.06904% 33,7832 181,41 1332,57 267.h 7588.463 306,50 1873,2
0.06929 3.7370 178,21 1331.,91 267, 4 7773,573 816,47 1890,5
0,06954 3.6941 164,63 1331,30 267.3 7951.626 825,94 1905,.9
0.06979 3.6547 150.69 1330.74 267.3 8121,088 834,85 1922.4
0,07006 3.6188 136,42 1330,22 267.,2 8230.357 843,13 1936,.7
0,07029 3.5365 121,83 1329.76 267.2 8427.835 850.72 1949.8
0.,07054 3,5579 106,95 1329.36 267,2 8561.888 857.56 1961.6
0.07079 3.5331 91,80 1329,00 267,1 8681,076 863,58 1971.9
0.,07104 3.,5121 76.43 1328,70 267,1 8734,009 368,76 1980,8
0.07129 3.4949 60,87 1328.406 267.1 8869.431 373,02 1988,2
0.07154% 3,4317 45,14 1328,27 267,1 8936,263 876,34 1993,9
0.07179 3,4724 29,30 1328,14 267.1 8983.650 878.69 1997.9
0,0718% 3,4710 26,13 1328,12 267.1 8990,732 879,04 1998.5
0,n07189 3.4698 22,94 1328,10 267,1 8997,.015 879,35 1999.0
0.07194% 3.,4G687 19,76 1328,09 267.1 9002,478 879,62 1993,5
0,07199 33,4678 16,57 1328,07 267,1 9007,130 879,85 1999.9
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Table 4. Continued

CAse g (conT’d) PP? PAGE 3

HELIUM DRIVIHNG HELIUM M=300, KG L=24,0000 M CLR:-25M
P4t = 255,887 KG/CM2 Til = 500,0 K
POl =1677.200 KG/CM2 TOt! = 293.0 K

T X .0x/n7 PO T0 Py Ry Th
(SEC) (M) (M/SEC) KG/Ci42 (K) KG/CMZ AMAGAT (K)

0.07204 3.4670 13,39 1328.06 267.1 9010.,980 880,04 2000,2
0,07209 3.,664 10,20 1328.05 267,1 9014,003 880,19 2000,.5
0,07214% 3,4660 7,01 1328.05 267,1 9016.205 880,30 2000,6
0.07219 53,4658 3,82 1528,04 267,1 9017.582 830,37 2000,8
0,07224 33,4656 0,62 1528,04 267,1 9018,142 830,39 2000.8

. 9 3.4657 -2,56 1328.04 267,1 9017.880 880,38 2000.8
0,07234 3,45659 -5,61 1328,05 267,1 9016,828 880.33 2000,7
0.07239 35,4663 -8,66 1328,05 267.1 9014.,988 880.24 2000.5
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Table 4. Continued

CASE 1b PP? PAGE 1

HELIUN DRIVING HYDROGEN M=300, KG L=16,9000 4 LRz 17Z.5mM
P41 = 913,838 KG/CH2 Thi = 500,0 K
"POI =3600.000 KG/CM2 TOI = 293.0 K

T X ox/0T PO J0 P R4 T4
(SEC) (M) (M/SEC) KG/CM2 (K) KG/CM2 AMAGAT (K)

0.00000 16,9000 0.00 3599,99 292,9 913,835 359,11 499,9
0.00250 16,8348 51,51 3595.29 292.8 920,368 360.50 500,9
0.00500 16.G429 101,85 3581.48 292.,3 940,056 364,65 503.9
0.00750 16,3262 151,29 3558.85 291.6 974,135 371.72 509.0
0.01000 15,8876 199,35 3527.85 290.6 1024,871 381,99 516,3
0.01250 15,3311 245,48 3489,08 2895.,3 1095,8386 395,85 526.0
0,01500 14,6622 289,09 3443,29 287,7 1192,725 413,91 538,7
0.01750 13.8883 329,42 3391,38 286.0 1323,834 436.98 554.6
0,02000 13,0186 365.55 3334,37 284,0 1502,217 466,17 574,.5
0.02250 12,0651 396,21 3273.45 281,9 1748,254 503,01 599,2
0,02500 11,0435 419.6G 3209,95 279.7 2094.675 549.54 630,1
0,02750 99,9749 433,29 3145,42 277.4 2594.,972 608,41 668.6
0,02955 19,0837 434,39 3093,02 275,6 3180.019 668,11 707.3
0.02980 38,9752 433,75 3086.72 275,3 3265,654 676,18 712,5
0.03005 18,8669 432,92 3080,46 275.1 3354,896 684,45 717.8
0,03030 18,7588 431,88 3074,22 274,9 3447.,909 692,89 723,3
0,03055 8,6509 430,64 3068,03 274,7 3544,860 701,53 728.8
0.03080 8,5435 429,18 3061.87 274,4 3G645.,920 710,35 734,.5
0.03105 8,4364 427,50 3055.75 274.2 3751,267 719,37 740.3
0.03130 18,3297 425,59 53049.67 274.0 3861.084 728,58 746,2
0,03155 18,2236 423,43 3043,64 273.8 3975,560 737,98 752,2
0.,03180 18,1181 421,03 3037,66 273,6 4094.865 747,58 758.4
0.03205 8,0131 418,36 3031,73 273.,3 4219.200 757,37 764.6
0,03230 7,9089 415,42 3025.85 273,1 4348,740 767,35 771.0
0.03255 7.,8055 412,19 3020.04 272.9 &Lu83.67% 777.52 777.5
0.,03280 7.,7028 408,58 3014,29 272,7 .4G24,181 787,88 734,2
0.03305 7,6012 404,85 3003,61 272,5 770,434 798,42 790.9:
0.03330 7.5005 400.71 3003.,00 272,3 4922,572 809.14 797.8
0.03355 7,4008 396,24 2997.46 272,1 5080,774 820,03 804,7
0.,03380 7,3024 391,43 2992,00 271.9 5245,13¢ 831,09 311.8
0,03405 7,2051 386,26 2986.63 271.,7 5415,762 842,30 819.0
0.03430 7.1093 380,73 2981.34 271.,5 5592,757 853,66 826,2
0.03455 7,0148 374,81 2976.15 271.3 5776,124 865,15 833,60
0,03480 6.9219 368,51 2971,05 271,1 5965,898 876,77 841,0
0,03505 6.8306 361,79 2966,06 270,9 6162,010 888,48 84L3,5
0.03530 6.,7410 354,66 2961,17 270.8 6364.,374 900,23 856.0
0.03555 66,6533 347,10 2956,38 270.,6 G6572.806 912,16 863,.6
0.03580 6.5675 339,09 2951,72 270.4 G6787.070 924,07 871,3
0.03605 6.4838 330,63 2947,18 270,2 7006.861 936,01 878.9
0.03630 6,4023 321,70 2942,77 270,1 7231.,739 947,93 886.5
0.03655 6,3230 312,30 2938.50 269.9 7461.222 959,81 894.1
0.03680 ©6.2462 302,41 2934,.36 265.8 7694.G644 ©871.62 901.7
0.03705 6.1719 292,03 2930,36 269.,6 7931.303 983,32 909,2
0.03730 6.1002 281,16 2926,52 269.5 8170,303 994,87 916.6
0.03755 6,0313 269.79 2922,82 269.3 8410.669 1006.23 923,.9
0.03780 5.9654 257.91 2919,30 269.2 8651.,240 1017,36 931,.0
0.03805 5.9024 245,54 2915.,94 269.1 8890.7G7 1028.20 938.0
0.03830 5,.8426 232,67 2912,76 269.0 9127,830 1038.72 944,38
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Table 4. Concluded

chsc Ib (conT'D)  PP7 PAGE 2

HELIUM DRIVING HYDROGEN 1=300, KG L=16.3000 M LR:-1}2.50
P4l = 913,838 KG/CH2 Th) = 500.0 K
POt =3600,000 KG/CM2 TOl = 293,0 K

T X nX/0T PO T0 Py Rb L
(SEC) (H) (M/SEC) KG/CM2 (K) KG/CM2 AMAGAT (K)

0.03855 5,.7861 219,31 2909.75 268.9 9360,925 1048.87 951.3
0.03880 5,7330 205,47 290G.,93 268.,7 9583.427 1058.58 957,.5
0.03905 5,.,683% 191,16 2904,30 263.6 9808,584 1067.82 963.5
0.03930 5.,6375 176,41 2901.86 268.6 10019.58: 1076,52 969.1
0.03955 5.,5953 161,23 2899.63 268.5 10219,.576 10384,64 974,3
0,03980 5.5569 145,65 2897.60 268.% 10406.666 1092,13 979.1
0.04005 5.5225 129,70 2895.78 268.3 10579,015 1098,94 9383,5
0.04030 5.%921 113,40 2894,18 268,3 10734,796 1105,02 987.4
0,04055 5.4658 96.80 2892.79 268,2 10872,355 1110,33 990.9
0.04080 5,4437 79.94 2891,.,63 268,2 10990,078 1114,84 993,8
0.04105 5,4259 62,85 2390,69 268,1 11086.621 1118,51 996,1
0.04130 5.4123 45,59 2889.98 268,1 11160,789 1121,31 998.0
0,04155 5.4031 28,19 2889.492 268.1 11211,675 1123,22 999.2
0.04160 5,408 24,70 2889.42 268,1 11219.001 1123,50 999.%
0,04165 5.4006 21,21 2889.,36 268,1 11225,361 1123,73 999,5
0.04170 5.3997 17,72 2889,31 268.1 11230,757 1123,94 999,7
0,04175 5,3989 14,22 2889,27 268,1 11235,187 1124,10 999,8
0.04180 5,3982 10,72 2889%,23 268.,1 11238.644 1124,23 599.8
0.04185 5,.3978 7.22 2889.21 268,11 11262,134 1124,33 999,9
0.04190 5,3975 3,72 2889,20 268.,1 112L2.6L4 1124,38 999,.9
0,04195 0.22 2889,19 268,1 11243,189 1125L,40 1000
. o1 11242,750 1124,39 999,9
0.0%205 5.,3978 -6.55 2889.21 268,1 11241,390 1124,34 999,9
0,04210 5.3982 -9,33 2889.23 268,1 11239,117 1124,25 999,.9
0.04215 5.,3987 -13,11 2889.26 263.1 11235,912 1124,13 999,38
0,04220 5,3995 -16.38 2889,30 263,1 11251,310 1123,98 999.7

0.04225 5.4004 ~-19,.66 2839,34 268,1 11226,80% 1123,79 999,.6
0.04230 5.4014 -22,93 2889,40 263,1 11220,894 1123,57 999.4
0,04235 5.,8027 -26,19 2839.47 268.1 11214.078 1123,31 999,2
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Table 5. Parametric Study-Cases Examined
CASE D
N HAER oK) (atf)
i (tb) He (Hz) 1000 5000
2 (2b) He (Hp) 1000 4000
3 (3b) He Hjp) 1000 3000
4 (4b) He ( H? 1000 2000 .
5 6b) He {Ho 1600 5000
6 (6b) He {H9) 1600 4 000
7 (7b) He (Hz) 1600 3000
(8b He (HZ) 1600 2000
.9 (9b) He (H 2) 2000 5000
10 Gob He (Hz) 2000 4000
oob) | He Ry 2000 3000
12 (12b) He H2) 2000 2000
In all cases, test gas is air. T4i 293°K, 500°K

Helium is used to drive 300 kg piston with Toi = 203°K

Shock tube length :

Test time :

2 msecs

34 ft, 54 ft, 64 ft

T, = 293°K

Tailored conditions
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Table 8, Parametric Study-Tailoring Conditions for Shock Tube
and Compression Conditions for Compression Tube
TAILORING CONDITIONS |COMPRESSION CONDITIONS
No. (°K) | (atm) (T,.i=33-Kp(14i=soo'K)J(ui=2931< (1,500
| 899 | 6920 | 9840 .03 | 1565 453 | 230
(ib) | (15.47 ) |(12100) ] (10880 ) (134) (884 ) (972) 343 )
2 876 | 6620 | 7660 318 1233 474 2.36
b} | 05.05) |t1660) [(8370) | (105) | (68 | (076 | (3.:%) |x
(=)
3 | 852 | e300 | s560 | 236 910 500 | 240 |2
e | tz-65 | (1190) | (6000) | (76) | tz98) | (12.14) | (363) | ®
. ~3
t | (828 | 5960 | 3580 155 596 532 253 |+
(sb)] (=) () () () () (=) (_),
5 | 1095 9760 | 9070 16 463 10.25 48l
(sb) | us.19) | ueseor {(10060) | (23) 167y | (42100 | (11-56)
6 | 1079 9410 7160 93 356 10-61 4.94
(6b) | 18-93) [(useo) |(780) | (18) |we) | weon | n252) |
[ ]
7 10.62 9050 | 5290 70 268 11.03 | 509 |©
b} | 867 |u3e60) | (5780 |(132) (857) | (s0.8) | 03.7) | ",
8 |we |es70 | 3670 | 47 180 st | s27 {7
(6b) | w42) | 03280 | (37701 | (8.7) | (563) | (56.99 |(15.23)
9 12.07 | 12220 | 8720 65 248 5.02 | 692
ob) |(21..9) 1018220 | (9s10) |04 ) |(587) }(898) | (2¢0)
10 nes |11890 | 6900 52 199 1546 7.08
aob) [ (2130 | (7630 (75200 | (748) |(ee68) |(968) |(25-8) |x¢
o
l .80 | us70 | si20 39 150 5.9 7.27 §
mb) | (2013 )| a7030 [(5570 )|(5.35) [(38) |(1052) | (2790 |~
12 - - - - — - —
(12b) | (20987 |(16430) |(3670) J(3.56) |t231) |(us.4) |i30.6)

#Values in brackets :
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Table 7. .Parametric Study-Details of Compression Tube of a
Piston-Driven Tailored-Mode Reflected Shock Tunnel

, ‘TAILORED” TUBE LENGTHS COMPRESSION TUBE CYCLE DE TAILS FOR 293°K
FOR 2 MS5. RUN TIME WI(TH HELIUM RESERVOIR GAS AND 300 KG.
LLSION..
" L_NO EXPANSION CANCELLATION
CASE Lp Le (m.) Le (m.) Poi (kg/emd] vpim 7/ s) | vp (mis)
Ne. (m) (gi =299'l(rs -500]| (rai : 20ffrs : sool}(ni = 203l 1y = s0e]
1 421 19-1 9.69 23 87 4885 445 293
(1b) (5.63) { 5479 (17.1) ner ) {3600} (650) {636)
2 3.99 189 9.45 1844.8 3874 n 263
(2b), (5.10) (55) 071 97 1) (2750) (564) (384)
3 3.7¢ 18.7 11 1332 2664 330 221
] (452) (5 5} (16 48) §32.7) nsem [478) 3211
& 3.45 18.4 8.7% 8 52 1717 2 266 176
t4b) —_ - - - - — —
5 i.18 28 201 11319 23578 558 445
(sb) (s.02) (212) ( se) (327.Q {11 e) (a0¢) (s50)
® 3.96 42.0 19.8 92 1860.8 491 11
(&b) (4.61) (212) (S27) (269.2) | (9081 (705) 576)
7 %) 41,7 19,2 650.5 137¢.9 421 F}]3
(™) (4. 18} (212) (57.4) (1957 (650.0) (597 (o)
] .50 .2 ] 432.3 902.3 340 289
N 1} (3.71) t211) (56.5) 012¢.9) %25.8) 1% a9y —
® .18 62.8 29.0 793 1877.2 800 s00
{sb) (4.82) [ 432) {118} (1800.08) (626.2) (858) 734
10 ¢.03 62.3 28.68 $27.8 1328 LR 1) 445
s0b) (LAS) 1430) {115) (142) 6 91.2) (7601 %50
1" 300 §2.0 28.3 T 1 457 32
(b ) ®.07) wz8e) (113.5) | (104.8) (361.6) 1855) 558
12 - — — - - - —
{12b) {3.67) {¢2¢) 1z} 69} (237.2) (52 81 hs)

49



AEDC-TR-73-173

C MPRESSION TUBE

D S FOR SHOCK

TUBE LENGTH 34 FT.

HELILUM DRIVER

.CASE {Lptm) Lc(mﬂ Lc
Nt T=29 T‘”H
| 3.40 | 1541 78
2 320 | 15.2q 755
3 2.9% | 149 |7.26
4 2.73 | 14.6] 6.92
5 3.41 35.0 |i6.4
6 3.24 | 34.4 |16
7 3.06 ]33.6 |155
8 29 33.4 [15.3
9 3.46 | 52 24
10 3.33 | 514|236
1" 319 |50.9 [23.2
12 3.09 [5D.6 229

Table 8.

50

COMPRESSION TUBE
DETAILS FOR SHOCK
TUBE LENGTH 54 FT.

HY| GEN DRIV

CAEE Lpim) |Lc(m,) |Lelm)
N Li=293K [

1b 5.9 52.4 1 16.9

2 487 | 524 ]16.3

3b 4.31 52.4 | 15.6

Lb [1415 | 524 ISl

Parametric Study-Effect of
Reduction of Shock Tube Length
on Compression Tube Length
for 2-msec Running Time
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‘Table 9. Comparison of Performance of Helium and Hydrogen
: Driver Gases

B

CASE A
DRIVER GAS HELIUM HYDROGEN

R.atm 5000 5000

Ty °K 12, 200 12,100

10K 2 000 1000

Ratm. 8720 10,880

Plptm. 257 1.46

12K, 243 293

Mg 12.07 15.48

Lshock tubem 10.35 {34") 16.46 (547

Lp,m 3.46 5.39 |

Le,m 24 16.9 T s25
x‘-,' 6.92 313 9.72
Tl.i,utm 500 500 293
Py atm. 248 2384 134
Toi ,*k 293 293 293
Poi,atm. 1620 3480 1150
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