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Experimental Demonstration of Use of N2O
to Increase Shock Tunnel Test Time
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An experimental investigation was carried out into the replacement of air in the driven tube of a re¯ ected shock

tunnel by an N2O/N2 mixture in order to increase the test time. The ® nal gas mixture obtained is the same with
either air or N2O/N2 in the driven tube. The incident shock velocities were between 2 and 3 km/s. Test times (or

times until driver gas arrival) were estimated from light emission histories in the driven tube and in the nozzle
and from pressure histories just upstream of the nozzle entrance. The test times estimated from the light emission

histories behind the incident shock showed that consistent increases of 60± 100% were obtained upon substituting
N2O/N2 for air in the driven tube. These increases were in goodagreement with theoretical estimates. The test times

estimated from the light emission histories in the nozzle or pressure histories at the nozzle inlet showed signi® cant
improvements with N2O/N2 only for cases where the facility was operated at substantially overtailored conditions,

probably due to the greater stability of the driver± driven interface at these conditions. At overtailored operating
conditions, test times increases of 60± 100% with N2O/N2 were observed with all three diagnostic techniques. These

increases were in reasonable agreement with theoretical estimates.

Nomenclature
H5 = enthalpy after shock re¯ ection
P = plateau region
P0.4, P1.7, etc. = plateau duration in multiples of 100 l s
P1 = initial ® ll pressure in driven tube
P5 = pressure after shock re¯ ection
P R = pressure rise region
Rh = ratio of assumed static enthalpy to that which

would be obtained by simple constant
pressure mixing of driver and driven gases

u BC , uC D , uD E = shock velocities calculated between the two
data stations denoted by the subscripts

u E = shock velocity extrapolated to station E
V = valley region
x = axial coordinate along driven tube
xmn , xmr = axial locations of boundaries between mixed

driver/driven gas and pure driven or driver
gas, respectively

c = speci® c heat ratio
q = gas density

I. Introduction

R EFLECTED shock tunnels1±10 are very important ground test
facilities for ¯ ight Mach numbers from 8 to 16. Test times in

these facilities are typically short, 0.5±10 ms being representative,
and are only about 1

3
±1

2
of the theoretical values. The short test

times impose limits on the amount of data that can be obtained and
the size of the test article and make it more dif® cult to ensure that
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sion.

the ¯ ow is established over the test article before the acquisition of
steady-statedata. As the nozzle plenum total enthalpy increases, the
available test time decreases sharply and can become too short to
gather reliable data. The test time can be increased by increasing
the size of the facility, but large facilities are very expensive to build
and operate.

For tests with air as the working gas, signi® cant (30±100%) in-
creases in test time can be achieved by replacing air in the driven
tube by a mixture of 2N2O + 1.76N2 . By varying the initial driven
tube ® ll pressures and the shock velocities, the same ® nal, high-
temperature test gas can be obtained whether one starts with air or
2N2O + 1.76N2 in the driven tube. The increase in test time is due
largely to the chemical energy release occurring behind the incident
or re¯ ected shock wave, which results in a substantially decreased
volumetric compression across the wave in which the energy is re-
leased. This technique is simple, inexpensive,and can be applied to
any facility.The safety hazardsof nitrous oxide appear to be minor:
certainly no greater than those of hydrogen, which is commonly
used in the driver gas of hypersonic shock tunnels.11 The advan-
tages of the technique would be 1) increasing the useful enthalpy
range of the facility, inasmuch as higher enthalpy levels would be
obtainable with acceptable test times; 2) obtaining more data and
having greater con® dence that a ¯ ow was established over the test
article before steady-state data were taken; and 3) testing of larger
test articles would be possible.

A computational analysis of the use of N2O/ N2 mixtures as the
driven tube gas in re¯ ected shock tunnels was presented in Ref. 11.
A modelassumingan inviscid,one-dimensional¯ ow with ® nite-rate
chemistry was used. The chemistry model included8 species (N2O,
N2 , O2 , NO, N, O, NO2 , and He) and 12 elementary reactions. The
numerical algorithm used is based on one that has been validated
using experimental data from a number of high enthalpy facilities
(shock tubes, shock tunnels, and expansion tubes).11 , 12 The results
of this theoretical study predicted that by substituting N2O/ N2 for
air in the driven tube of a shock tube, the test gas volume can be
increased 100% at a nozzle plenum enthalpy of 5.5 MJ/kg. This
increase falls to 50% at an enthalpy of 9 MJ/kg and to 30% at an
enthalpy of 14 MJ/kg.

An important early (1967) experimentaldemonstrationof the use
of N2O/ N2 in the driven tube of a shock tube was carried out by
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Craig and Ortwerth.13 This work was limited to enthalpies below
5 MJ/kg and was aimed toward the experimental demonstration of
increases in enthalpy and pressure rather than toward increases in
test time. This work was very successful in demonstrating exper-
imentally the desired increases in enthalpy and pressure, and the
results were also used by the authors of Ref. 11 to help validate
their computational methods.

II. Facility and Test Conditions
The experiments were carried out in the electric arc-drivenshock

tube (EAST) at the NASA Ames Research Center. This facility
is a 10.16-cm-diam shock tube with an electric arc-heated driver.
Figure 1 shows a sketch of the facility. The arc in the driver is sup-
portedbyacapacitorbank,whichcanstoreup to 1.24MJ ofenergyat
40 kV. The driver gas is usually hydrogen, helium, or helium/argon
mixtures. Re¯ ected shock pressures up to 50 MPa can be obtained.
Shock velocities ranging from 1.5 to 50 km/s have been obtained.
Further description of the facility is given in Refs. 14 and 15.

For the present experiments, the facility was con® gured as fol-
lows. The driver and driven tube lengths were 76.2 and 548.95 cm,
respectively.Table 1 gives these and other important axial locations
in the facility con® guration used. (Axial locations or x coordinates
are measured from the primary diaphragm in the direction of the
tube axis toward the driven tube.) The nozzle throat diameter is
1.588 cm, and the nozzle expands to an exit diameter of 10.16 cm
at a distance 29.72 cm downstream from the driven tube end wall.
The diagnostic ports F are located in a convenient ¯ ange 3.95 cm
upstream of the nozzle exit, where the nozzle diameter is 8.382 cm.
Because the ports are located at 87% of the distance between the
driven tube end wall and the nozzle exit, the time of arrival of driver
gas contaminationat the portsF shouldbe reasonablyrepresentative
of that to be expected at the nozzle exit. The divergent part of the
nozzle is a 10-deg half-angle cone. A 1.588-cm-diamsquare-faced
rod is introduced into the nozzle along the centerline from the exit.
The front of the rod is located at the center of the diagnostic ports F
to allow light emission from the hot gas cap behind the bow shock
to be observed.

Table 2 gives the operating conditions for the facility. In total,
29 runs were made over a period of six weeks. Conditions for sim-
ilar runs have been grouped in Table 2. The data are run number,
capacitance and initial voltage on capacitor bank, driver gas argon
percentage (balanceof driver gas is helium), driver gas ® ll pressure,
nominal main diaphragm rupture pressure, driven tube gas compo-
sition (N2O/N2 denotes a mixture of 2N2O + 1.76N2), driven tube
gas ® ll pressure, and shock velocity measured between stations D
and E. The error band of these shock velocities varies from §1.0 to

Table 1 Key axial locations in the EAST facility

x Coordinate,
Location cm

Driver blind end ¡ 76.20
Diaphragm 0.0
Diagnostic ports A not used
Diagnostic ports B 187.64
Diagnostic ports C 340.99
Diagnostic ports D 462.92
Diagnostic ports E 546.41
Driven tube endwall 548.95
Diagnostic ports F 574.72

Fig. 1 NASA Ames Research Center EAST facility setup, not to scale: stations A± F each have two instrumentation ports available.

§1.4% as the shock velocity increases from 2.0 to 2.8 km/s. Errors
in shock velocities will be further discussed in Sec. IV.B.

The main diaphragms(between the driver and driven gases) were
scored and were made of 304 stainless steel for runs 1±18 and of
2024-0 aluminum for runs 20±29. For most of the test entry (runs
5±29), the secondary diaphragms (located at the nozzle entrance)
were made of 0.0025-cm-thickKapton® polyimide ® lm.

III. Instrumentation
Facility pressures measured before each test included the driver

® ll pressure, the driven tube ® ll pressure, and the dump tank vac-
uum pressure. The portion of the facility downstream of the nozzle
exit was pumped to a vacuum of about 0.7 Pa prior to each run.
The voltage on the capacitor bank was measured before and after
the discharge.An oscilloscopetrace of the capacitorbank discharge
current history was also obtained for each run. The con® gurationof
instrumentation in the driven tube and nozzle are given in Table 3.
The ion gauge consists of two 0.13-cm-diamwire electrodes,which
protrude 0.05 cm into the ¯ ow. Because the next diagnostic station
is 120 cm (or 2400 electrode protrusion lengths) downstream of the
ion guage, the effect of the ion guage on the ¯ ow at the next diag-
nostic station should be completely negligible.A voltage of 50 V is
applied across the electrodes and, upon arrival of the incident shock
wave, the sudden conduction of electric current through the shock-
heated gas produces a very abrupt voltage change at the ion gauge
output that yields a very precise time for the passage of the shock.
PCB 111A22 and PCB 113A24 are the model numbers of quartz
crystal piezoelectricpressure transducers made by the PCB Corpo-
ration.

PMT 1P28 refers to type 1P28 photomultiplier tubes. These
tubes viewed the shock tube ¯ ow through two slits of width 0.005±
0.0125 cm oriented perpendicular to the direction of shock motion.
The slits were separatedby distancesof 7.5±15 cm and are mounted
in a small tube, which is placed just outside an acrylic window in
the wall of the driven tube. MONO refers to a monochromator.The
monochromator used is a Bausch and Lomb instrument with input
and output slits 500 or 750 l m wide and 1.1 cm high. The distances
from the slits to the mirror are 25 cm, and those from the mirror to
the grating are 21 cm. The mirror diameter is 9.4 cm, and the grating
is square, 5 cm on a side. The hot-gas cap in front of the rod inserted
into the nozzle was imaged on the input slit at unity magni® cation
with a lens of 100-cm focal length. An RG 610 long pass ® lter is
used in front of the input slit. In the ® rst 10 runs, the monochroma-
tor was operated at zeroth order and, thus, sensed broadband light
emission. Thereafter, the monochromator was tuned to the argon
697-nm line in ® rst order.

The arrows in the table (for ports E and F) indicate that the in-
strumentation at that particular diagnostic port was changed as the
test series proceeded. The high-quality data indicating substantial
increases in test time with operation of the facility in a overtailored
mode were obtained mainly with the ® nal instrumentation con® g-
uration, that is, the last con® guration indicated in Table 3 for the
ports at E and F. The signals from the diagnostics were digitized
and recorded using 12 high-speed digitizers made by the DSP Cor-
poration.

IV. Results
A. Preliminary Discussion

In the very short facility entry available for the present inves-
tigation, we were unable to develop and bring on-line a de® nitive
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Table 2 Operating conditions for the EAST facility

Driver

Fill Diaphragm Driven Shock
Capacitance, Voltage, pressure, break Driven gas ® ll velocity

Run l F kV Gas MPa pressure, MPa gas pressure, kPa DE , km/s

1±6 1530 27.5 50Ar 2.90 17¡ 37.4 Air 56 ¡ 69.3 2.06¡ 2.32
7±9 1530 27.5 50Ar 2.90 37.4±53.1 N2O/N2 89.7 2.00¡ 2.13
10±14 1530 24.2 33Ar 2.90 37.4 Air 30.0 2.36¡ 2.82
15,16 1530 24,25 33Ar 2.90 37.4 N2O/N2 40.4 2.46¡ 2.61
17 1530 27.5 50Ar 2.90 37.4 Air 16.8 2.90
18 1530 27.5 50Ar 2.90 37.4 N2O/N2 20.8 2.73
19 Ð Ð Ð Ð All data lost Ð Ð Ð Ð Ð Ð
20±22 861.3 19±22 9±22Ar 2.24 2.59 Air 7.74 2.63±2.98
23, 24 861.3 22 33Ar 2.24 2.59 Air 7.74 2.71¡ 2.73
25±28 861.3 22 33Ar 2.24 2.59 N2O/N2 7.74±11.5 2.40¡ 2.61
29 861.3 22 33Ar 2.24 2.59 Ar 7.74 2.54

Table 3 Instrumentation in driven tube and nozzle

Diagnostic port
station Instrumentation Instrumentation

B Ion gauge
C PMT 1P28 PCB 113A24
D PMT 1P28 PCB 113A24
E PCB 111A22 > PMT 1P28 > PCB 111A22

PCB 111A22 > PCB 113A24
F PCB 113A24 > PMT 1P28 MONO at zeroth order >

MONO at Ar 697-nm line

spectroscopictechniqueto determine the time of arrivalof the driver
gas contamination,which determinesthe end of the useful test time.
However, it was observed that, in the driven tube and the nozzle,
a large, well-de® ned and consistent increase in light emission oc-
curred in the time interval where the initial arrival of driver gas is
expected. No other such increase was observed anywhere near the
time interval in question. Such an increase in light emission upon
driver gas arrival is to be expected, inasmuch as the driven gas is
very clean,but the drivergas is contaminatedby the vaporizeddriver
trigger wire material and material ablated from the rubber lining of
the ® berglassdriver liner.14 The times of the increases in light emis-
sion, if assumed to indicate the initial arrival of driver gas, show
the correct behavior as the incident shock Mach number and the
gas compositionare varied (this will be demonstrated later). Hence,
we will infer the time of the beginning of the arrival of signi® cant
driver gas contamination from the time of the sudden increase in
light emission in the driven tube and nozzle. The arrival of the re-
¯ ected driver rarefactionwave, another possible cause of the end of
the test time,will be shown (Sec. IV.D) to occur at stationE 1.2±1.25
ms after the initial shock wave, or well after the test time is already
terminated due to driver gas contamination effects.

B. Measurements in Driven Tube, Station D
We ® rst discuss the measurementsof total light emission made at

station D in the driven tube. Figure 2 shows experimentalPMT light
histories for run 24, with air in the driven tube, and for run 27, with
N2O/N2 in the driven tube. The corresponding time histories from
the pressure transducer located opposite the PMT are also shown in
Fig. 2 with arbitrary origin and scale for the ordinate; here, these
pressure histories are used only to determine the time at which the
incident shock wave passes station D. The estimated times required
for theuncontaminateddriventubegas to passstationD are indicated
by arrows. The end of the uncontaminated test gas slug is assumed
to pass by the PMT when the light emission increases roughly 5%
of the height of the maxima seen when large quantitiesof driver gas
pass by the PMT.

These estimates for the time required for the uncontaminated
driven tube gas slug to pass by station D were successfullyobtained
for 24 of the 28 runs that were made with air or N2O/ N2 in the driven
tube.Theseopticallyinferredtest times areplottedvsnozzleplenum
enthalpy in Fig. 3. The error in determining these test times from
the light data were judged to have a rather constant error band of

Fig. 2 Test times inferred from broadband light emission at station D
in driven tube with upper light curve offset 1.25 for clarity; maximum
light emission is roughly 1.0 for both curves. Pressure histories from the
transducer at station D are also shown; for the pressure histories, both
the origin and scale of the ordinate is arbitrary.

Fig. 3 Test times inferred from broadband light emission at station D
in driven tube.

§10 l s, regardless of the size of the test time interval. This yields
percentage error bands for the test times ranging from §10% at
test times of 100 l s down to §2.5% at test times of 400 l s (as
shown in Fig. 3). The nozzle plenum enthalpy was calculated from
the extrapolated shock velocity at station E using the equilibrium
incident and re¯ ected shock calculation techniquesof McBride and
Gordon.16 The plenum condition is achieved after the passage of
the incident and re¯ ected shocks. Shock velocities u BC , uC D , and
u DE were measuredbetween stationsB and C, stationsC and D, and
stationsD and E, respectively.The error in the time intervalde® ning
u DE obtainedfromthe experimentaldatawas§4 l s, leadingto error
bands of §1.0% at shock velocities of 2.0 km/s increasing to 1.4%
at velocitiesof 2.8 km/s. The velocity at station E (u E ) was obtained
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by extrapolatingfrom uD E using the velocitydrop from uC D to u D E .
A second value of uE was obtainedby extrapolatingfrom uD E using
the velocity drop from u BC to uC D . The difference between these
two extrapolations to uE was used as an estimate of the error in
extrapolatingfrom u DE to u E . The extrapolationerror was found to
be a maximum of §2.6% for runs 3±16 and a maximum of §1.5%
for runs 17±29, after more experiencehad been gained in operating
the facility.For runs 3±16, this leads to error bandestimatesof §4%
for u E and shock Mach number and §8% for the nozzle plenum
enthalpy. For runs 17±29, the corresponding numbers are §2.5%
and §5%. The correspondingerror bars are shown in Fig. 3.

The open data points in Fig. 3 denote the data taken with air in the
driventube,and the soliddata pointsdenotedata takenwith N2O/ N2

in the driven tube. For the moment, we will ignore the differences
between triangle,square,and circledata points.For each set of data,
straight trend lines have been drawn, which ® t all data points well
except the point at the highest enthalpy for each set. The trend lines
¯ atten at high enthalpy,as shown by the dotted lines. Because there
is only a single data point for each data set in the nonlinear region,
we will consider only the solid, straight trend lines in the present
discussion.

It is clear that the inferred test times at station D using N2O/ N2 in
the driven tube are consistentlyand substantially(60±100%) higher
than those obtained with air in the driven tube. The observed in-
creases in test time shown in Fig. 3 will now be compared with
those predicted theoretically in Ref. 11. From the solid trend curves
of Fig. 3, the percentage increases in test time obtained on substi-
tuting N2O/ N2 for air in the driven tube were calculated for nozzle
plenum enthalpies of 5, 6, 7, and 8 MJ/kg. These values are plot-
ted as the open circles in Fig. 4. The procedure of dividing one
experimental test time (for N2O/ N2) by a second (for air) and sub-
tracting unity to get the percentage increase can be shown to yield
much larger error bands of §15 to §26%, which are shown for the
open data points in Fig. 4. The theoretical curve from Ref. 11 is
shown as the solid line. (The data points plotted as solid circles and
squares will be discussed later.) It is seen that there is a reasonable
agreement between the theoretically predicted and experimentally
observed increases in test time.

With both air and N2O/N2 as the driven tube gas, the optically
inferred test times discussed earlier were found to be between 0.39
and 0.51 times the theoretical values for a perfect plane interface
between the driver and driven gas. There are a number of possible
reasons for this 50±60% loss in test time, including boundary-layer
buildup,17 jetting of the driver gas as the main diaphragm opens,18

curvature of the main diaphragm before rupture,19 and instability
and combustion at the interface.8 ¡ 10,20

C. Measurements in the Nozzle, Station F
We now discuss light emission measurementsmade in the nozzle

at station F. Some of the measurements were of broadband light

Fig. 4 Numerical and experimental values for the percentage increase
in test gas volume or test time achieved by using N2O / N2 in the driven
tube; error band for enthalpy is §5% for solid data points and §5 to

§8% for open data points.

emission into a PMT; others were made of emission at the argon
697-nm line using a monochromator. For runs 13±29, both types
of measurements were made at station F. A detailed comparison
of these histories showed that for each run, there was very little
differencebetween the two light histories. It was concluded that the
argon-speci® c radiation in the monochromator measurements was
very likely overwhelmed by general broadband radiation. Hence,
the light emission histories obtained from the monochromator at
station F are regarded herein simply as a backup measurement of
broadband light emission.

The increase in test time observed at station D in the driven tube
upon changingfrom air to N2O/N2 did not carry over and appear as
an increase in the time until driver gas arrival at station F for runs
1±16 and 20±22. Instead, a very much smaller increase in the time
until driver gas arrival of 0±15% was observed. These runs were
made at conditions that varied from signi® cantly undertailored to
slightly overtailored.Tailoring refers essentially to the relation be-
tween the acousticimpedance(i.e., theproductof the densityand the
sound speed) of the driven tube gas, which has been compressed by
the incident shock wave, and that of the expanded driver gas imme-
diately behind the driven gas±driver gas interface. For two adjacent
regions of ideal gas at the same pressure, the acoustic impedance
can easily be shown to be proportional to ( c q )0.5. Undertailored
means that the driven tube gas has the higher ( c q )0.5 value, whereas
overtailored means the reverse. It can be argued that having a sig-
ni® cantly overtailored condition, with the driver gas tending to be
the denser gas, pushing the driven gas along, produces an interface
between the gases that is more stable. With the interfacebeing more
stable, the mixing of the driven and driver gases would be reduced
and the length of the driven gas slug would be greater and it would
retain its identity farther down the driven tube. With this in mind,
the facility operating conditions were shifted to operating substan-
tially overtailoredto attempt to ® nd conditionsunderwhich test time
increases due to substitution of N2O/ N2 for air in the driven tube
would persist beyond station D and into the nozzle.

Substantially overtailored conditions were selected for runs 17
and 18 and 23±28 in Table 2. The conditionsfor runs 17 and 18 were
derived from those for runs 1±9 by reducing the driven tube ® ll pres-
sure from 56±90 to 16.8±20.8 kPa, the driver conditions remaining
unchanged.This leads to increased compression and heating of the
driven tube gas and increased expansion and cooling of the driver
gas, shifting the operating condition of the facility very strongly
toward overtailored. Similarly, the conditions for runs 23±28 were
derived from those for runs 10±16 mainly by dropping the driven
tube ® ll pressure from 30±40 to 7.74±11.5 kPa.

We now proceed to examine light emission in the nozzle at
station F for the overtailored runs 17 and 18 and 23±28. Figure 5
shows the light histories from the monochromator located at station
F for run 24,with air in the driven tube, and for run 27, with N2O/ N2

in the driven tube. The monochomator was tuned to the Ar 697-nm
line. The optically inferred test times are taken to begin at the ® rst
abrupt light increase. This is due to the arrival of the ® rst shock
at station F and occurs at a time that was very consistent from run

Fig. 5 Test times inferred from narrow-band light emission obtained
using a monochromator centered at 697 nm; upper curve offset 0.8 for
clarity and maximum light emission is roughly 1.0 for both curves.
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to run. The later sharp emission peaks, which occur over a period
extending about 200 l s after the ® rst peak, are believed to involve
light emissionfromburningsecondarydiaphragmmaterialand were
extremely inconsistent from run to run. The secondary diaphragm
material, Kapton, can burn in the test gas, regardless of whether the
initial driven tube gas was air or N2O/N2 . For the ® rst four runs,
aluminum foil had been used for the secondary diaphragms. The
burningof the aluminumfoil producedmuch strongerlight emission
than the burning of the Kapton ® lm, hence the change to Kapton.

The end of the uncontaminated test gas slug is assumed to pass
by the monochromatorwhen the PMT signal increases roughly 5%
of the maximum reached when large quantities of driver gas pass
by the monochromator (as was done in Sec. IV.B). These maxima
cannot be seen in Fig. 5 because of saturation of the digitizers, but
can be estimated from the shapes of the curves available in Fig. 5
and the shapesof the curvesof similar data taken fromearly test runs
at lower digitizer sensitivity. The heights of the maxima in Fig. 5,
estimated in this way, are roughly 1.0. Using these techniques to
de® ne the optically inferred test times at station F, we can obtain the
times until the arrival of drivergas indicatedin Fig. 5. The estimated
error band for these times is §5%.

Successful estimates of optically inferred times until driver gas
arrival at station F in the nozzle were obtained for runs 17, 18, and
23±27. These optically inferred times until driver gas arrival are
plotted vs nozzle plenum enthalpy in Fig. 6. The estimated error
bands for enthalpy in Fig. 6 are §5%, following the analysis in
Sec. IV.B. The open data points denote the data taken with air in the
driven tube and the solid data points data taken with N2O/ N2 in the
driven tube. The data taken at higher pressures (in runs 17 and 18)
are denotedby squares, the remainingdata, takenat lower pressures,
by circles. For all of these runs, both narrow-band monochromator
and broadbandemission measurements using a PMT were taken at
stationF. A graphcorrespondingto Fig. 6 was also preparedfrom the
broadbandPMT data; it only showed rather minor differences from
Fig. 6 and, hence, is not presented here. It is seen that the optically
inferred times until driver gas arrival at station F in the nozzle are
roughly 60% greater with N2O/N2 in the driven tube than with air
in the driven tube for runs 17, 18, and 23±27. Thus, for substantially
overtailored facility operating conditions, the increase in test time
(or time until driver gas arrival) found upon substituting N2O/ N2

for air in the driven tube at station D in the driven tube was found
to persist into the nozzle.

It is more dif® cult to establish the ratio of the test times (or times
until driver gas arrival) for operation with N2O/ N2 to those with air
from the data of Fig. 6 than from the data of Fig. 3, because many
fewer data points are available in the former case. It was decided
not to use any extrapolations. Hence, a straight line was drawn, ® t
to the three air data points and, using this line and the two N2O/ N2

data points at about 7.5 and 7.9 MJ/kg, ratios of times until driver
gas arrival were constructed.These data points are the solid squares
in Fig. 4. A similar procedure was used with the PMT broadband

Fig. 6 Times until arrival of driver gas contamination inferred from
narrow-bandlightemission centered at697nmin the nozzleat station F;
error band for enthalpy is §5%.

emission signal from station F in the nozzle (not presented herein)
to yield the data points shown as solid circles in Fig. 4. Following
the procedure given in Sec. IV.B for the estimate of error bands for
the percentageincrease in test time (or time until driver gas arrival),
the error bands for the solid data points of Fig. 4 were estimated to
vary from§16% at increasesof 60% to§20% at increasesof 100%.
It is seen that three of the four estimates of increases in time until
driver gas arrival obtained at station F upon substituting N2O/ N2

for air in the driven tube are in reasonable agreement with both the
experimental data obtained at station D in the driven tube and the
theoretical curve taken from Ref. 11. One data point obtained from
station F is about 67% higher than the other data points and the
theoretical curve.

D. Pressure Measurements in the Nozzle Plenum, Station E

We now discuss pressure measurements made in the nozzle
plenum at station E. As we have noted in Sec IV.C, the light emis-
sion measurements at station F in the nozzle indicated increases in
the time until driver gas arrivalobtainedby substitutingN2O/N2 for
air in the driven tube only for the substantially overtailored facility
operating conditions of runs 17, 18, and 23±28. The same effect
was noted in regard to the pressure histories recorded at station E
in the nozzle plenum. Only those pressure histories for these same
overtailored test runs showed the test time increasesupon changing
from air to N2O/N2 .

Experimental nozzle plenum pressure histories for runs 24 (with
air) and 27 (with N2O/ N2) are shown in Fig. 7 as the solid curves.
Computational ¯ uid dynamics (CFD) simulationsare shown as dot-
ted curves and will be discussed later. Before discussing the dif-
ferences between operation with air and N2O/ N2 in detail, we will
describe the featuresseen in the N2O/N2 pressurehistory. (This his-
tory was chosen because, for this condition, it yielded a much better
de® ned test time.) First, at about 1.86 ms, we see the incident shock
wave. Next, there are two sharp pressurerises at about 1.91 and 1.94
ms. These are believed to be due to the passing of the two shock
waves of the bifurcated foot of the re¯ ected shock over the pressure
transducer,and we present subsequentlyarguments to this effect. In
Ref. 21, axisymmetric Navier±Stokes CFD solutionswere obtained
for the ¯ ow near the end of the driven tube in the NASA Ames Re-
search Center EAST facility. CFD pressure histories were obtained
at diagnosticstation F, 2.54 cm upstream of the driven tube end wall
and were compared with the corresponding experimental data. In
Fig. 11 ofRef. 21,CFD andexperimentalpressurehistoriesat station
F are presented for a run with N2 at 13.3 kPa pressure in the driven
tube and a shock velocity of 1.49 km/s. The CFD and experimental
times between the two pressure rises in question are 28.6 and 26.5
l s, respectively.Using the shock tube solvermode of thecalculation
packageofRef. 16, the re¯ ected shockvelocityfor this facilityoper-
atingconditionwas calculatedto be0.339km/s. This leads to separa-
tions of the shock feet of 0.97 and 0.90 cm, respectively(for a trans-
ducer 2.54 cm from the end wall). From the expanded original data

Fig. 7 Experimental (Ð ) and CFD ( ¢ ¢ ¢ ¢ ) pressure histories at nozzle
entrance, where P denotes plateau region, V valley region, and PR the
region of the steep pressure rise; the ordinate for N2O / N2 has been
offset by 5 MPa for clarity.
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tracesof the data shown in Fig. 7, the times betweenthe two pressure
rises in questionare34and48 l s for theN2O/ N2 andair test runs, re-
spectively.The correspondingre¯ ected shock velocities,calculated
as already described,were 0.475 and 0.456 km/s. This leads to cor-
respondingestimatesof the separationsof the shock feet of 1.61 and
2.19 cm. These are about twice as large as those implied by the pres-
sure historiesof Fig. 11 of Ref. 21 but are, perhaps,notunreasonable
when compared to the contour plots of the CFD solution shown in
Fig. 7 of Ref. 21 or the shadowgraphs of Figs. 3d±3f of Ref. 22.

Continuing along the pressure history, a relatively constant pres-
sure period lasting about 240 l s is noted. Then the pressure drops
about 20%, and a period of lower pressure lasting about 300 l s en-
sues,bringingus out to about2.60 ms, afterwhich the pressurestarts
to rise rapidly, reaching a maximum at about 3.10 ms. Thereafter,
the pressure starts to fall due to the arrival of the re¯ ected driver
rarefaction wave. The general features described earlier, incident
shock, two sharp pressure rises from the bifurcated re¯ ected shock,
drop to a relatively constant plateau pressure level, further drop to
a valley region lasting of the order of 300 l s, followed ® nally by a
large pressure rise to a maximum and a subsequent fall due to the
re¯ ected driver rarefaction wave, were, in essence, found for all of
the test runs 17, 18, and 23±28. The caveats to this statement are
that the plateau region appears to be absent for runs 23 and 24 with
air in the driven tube and was sloped downward about 16% for run
25 with N2O/ N2 in the driven tube.

The pressures in the plateau region, the valley region, and in
the large, wide pressure peak observed after 2.6±2.7 ms in Fig. 7
are believed to represent the pressures produced by stopping the
momentum of the onrushing pure driven tube gas followed by a
mixtureof drivenand drivergas, followed ® nally by pure driver gas.
This was investigated further using the one-dimensional inviscid
CFD code of Ref. 11.

The condition of the driven gas was calculated from the extrap-
olated shock velocity at station E (see also Sec. IV.B) using the
equilibrium incident shock calculation techniques of McBride and
Gordon.16 The driver gas behind the interface was assumed to have
the samevelocityandpressureas thedrivengas slugand thesameav-
eragemolecularweightas theHe/Ar mixture initially loaded into the
driver. To obtain the gas temperature in the moving driver gas push-
ing the driven gas, the experimental pressure maxima seen in Fig. 7
are taken to represent the pressure produced by a hammer shock
stopping the driver gas. With the pressure ratio across this ham-
mer shock known, using the standard ideal gas shock relations, the
temperature in front of the hammer shock can easily be calculated.

With the gas conditions on the two sides of the interface now
known, it is assumed that the volume fractionof, say, the driven gas,
varies linearlywith distancein themixed gas region.At each point in
the mixed gas region, the two gases are assumed to undergoconstant
pressure mixing and to come to an equilibrium temperature and
composition.The total amount of driven gas in this initial condition
of the CFD model is set equal to the actual total mass of driven
gas in the experiment. With this constraint, there is only one free
parameter in the initial condition, the width of the mixed gas region.
The CFD solution is started just before the incident shock hits the
driven tube end wall.

When the ® rst solutions were obtained for the conditions of
run 27, it was immediately apparent that the valley pressure level
was only slightly (about 2.5%) below the plateau pressure level,
whereas in the experimental data the difference was about 20%. At
this point, it is worth discussing why there is a valley at all in the
CFD solution; in other words, why does the pressure not increase
smoothly from the plateau region to the maximum pressure behind
the hammer shock in the driver gas? The explanation involves the
substantial differences in molecular weight, speci® c heat ratio, and
temperature between the driver and driven gases in the driven tube.
The speci® c heat of the shock-heated driven tube gas can be much
greater than that of the monatomic driver gas. When the gases are
mixed, e.g., in a one-to-one ratio, the molecular weight of the mix-
ture will tend to be close to the average molecular weight, but the
temperature of the mixture can be highly skewed toward that of the
componentwith the larger speci® c heat, in this case, the hotterdriven
tube gas. For the ® rst CFD solutions referred to earlier, the mini-
mum mixed gas density was about 5% below the driven gas density,

leading to the valley depth of about 2.5% already referred to. It was
clear that the minimum mixed gas density must be much lower, as
much as 30% below the driven gas density, to producevalleys in the
CFD solutions that are as deep as those observedexperimentallyfor
the runs with N2O/ N2, such as run 27.

A second possible cause of a density minimum is as follows. It
is possible that the helium and argon loaded into the driver tube did
not completely mix in the 1±2 h wait time before each run. When
the electric discharge is struck and the main diaphragm breaks, this
could lead to a low-density region of helium-enriched driver gas
running out in front of the main helium-argon region of accelerated
driver gas. A calculation of the density of the mixed gas zone was
made with the mole fraction of helium in the driver gas varying
linearly (with distance) from 0.667 at the driver end of the mixed
gaszone to 1.0at thedrivenendof themixedgaszone.Thisproduced
a minimum mixed gas density 15% below the driven gas density;
this minimum density is still very much too large to produce the
experimentally observed valley depths.

A third possible cause of a density minimum is as follows. When
the diaphragm ® rst ruptures, the opening takes the form of two
narrow, crossed slits.23 During this phase of the ¯ ow, the driver gas
pressureis 500±1000times thedrivengaspressureand the ® ne jetsof
driver gas can put a signi® cant amount of driver gas into the region,
which then acts as the driven tube when the diaphragm opens fully.
For the present facility conditions, this driver gas in the driven tube
region can initially have a static enthalpy three times the expected
value for the ideal moving driver gas pushing the driven gas. This
driver gas in the driven tube region will be compressed and heated
further when the diaphragm opens fully, reaching static enthalpies
as much as 5±15 times (with mixing and heat loss mechanisms
neglected)the static enthalpyof the idealmoving driver gas pushing
the driven gas. The quantity of driver gas undergoing this heating
is substantial when compared to the quantity of driven gas. This
mechanism provides, then, a very powerful means for heating the
mixed gas zone and, hence, reducing its density. Some aspects of
this process are discussed in Ref. 24.

It is assumed that the last mechanism described is responsible
for a large increase in enthalpy and a large reduction in density
in the mixed gas zone, i.e., suf® cient density reduction to cause
the experimentally observed valley depths. To model this enthalpy
increase in the mixed gas zone, the following technique was used.
The constantpressuremixing betweendriveranddrivengas referred
to earlierproducesa givenmixturestatic enthalpyat eachpoint in the
mixed gas region.To model the static enthalpy increase, the original
static enthalpy at each point in the mixed gas zone is multiplied by
1 + Rh sin[p (x ¡ xmn)/ (xmr ¡ xmn)], where Rh is the maximum
enthalpy increase ratio and x is the axial position within the mixed
gas zone. Thus, there is zero static enthalpy increase at the two ends
of the mixed gas zone and a maximum static enthalpy increase ratio
Rh at the center of the mixed gas zone. With this method of setting
the initial condition for the CFD solutions, there are now two free
parameters, the width of the mixed gas zone and the maximum static
enthalpy increase ratio.

The two theoretical (CFD) pressure histories (shown in Fig. 7)
were obtainedby optimizing Rh and the width of the mixed gas zone
to best model the two experimental histories. Before discussing the
agreement between the theoreticaland experimentalpressurehisto-
ries of Fig. 7, one shoulddiscusswhat our one-dimensional,inviscid
CFD calculations do not model. Clearly, our CFD calculations are
incapable of modeling the two shock waves of the bifurcated shock
foot and the overshoot phenomena seen in the two-dimensional
Navier±Stokes solutions (e.g., Fig. 11 in Ref. 21), the experimental
data therein, and the experimental data of Fig. 7. All of these phe-
nomena are replaced by the single shock jumps seen in the CFD
solutions of Fig. 7. Further, the pressure levels for the plateau and
valley regions of the CFD solutions are about 20% higher than the
corresponding levels of the experimental pressure histories. This is
believed to be due to the lack of wall friction effects in the present
inviscid CFD solutions. This will be discussed later. Finally, no at-
tempt has been made to model the driver rarefaction in the present
CFD solutions.

We now compare the experimental and theoretical pressure his-
tories of Fig. 7. The CFD pressure histories were obtained by ® rst



1054 BOGDANOFF, WILSON, AND SUSSMAN

adjusting the enthalpy increase (Rh ) to make the ratio between the
CFD valley and plateau pressures equal to the experimentally ob-
served values. Then, the width of the mixed gas zones was varied
until the times of the drops from the plateau pressure to the valley
pressure in the CFD solutions were in reasonable agreement with
those observed experimentally. We note that the CFD solution for
run 24 shows a short plateau region whereas the experimental data
appear to show no plateau at all. It is possible that the plateau in the
experimentalpressurehistoryexistsbut is obscuredby theovershoot
phenomenon seen, for example, in Fig. 11 of Ref. 21.

At this point, there are no free parameters remaining in the CFD
solutions to allow one to set the time of the pressure rise from
the valley to the maximum pressure behind the driver gas hammer
shock.The times of thesepressurerisesare,nevertheless,ratherwell
predictedby theCFD calculations.This is one reasonthat theauthors
believe that theCFD modelconstructedhereindoesmodel theactual
process in the shock tube reasonably well. A second observation
supporting the accuracy of the CFD modeling is as follows. For the
two CFD solutions discussed, the ratios of the lengths of the pure
driven gas zones ahead of the mixed gas zones to those expected if
the interface was perfect (i.e., with no mixed gas zone) were 0.42
and 0.58 for the solutions for runs 24 and 27, respectively.From the
experimental light emission data at station D in the driven tube (see
Sec. IV.B), these corresponding ratios were estimated to be 0.41
and 0.45, respectively, in reasonably good agreement with those
deduced from the experimental pressure measurements at station E
using the CFD model.

We note that the maximum enthalpy increase ratios (Rh values)
required to model the valley pressurescorrectlyare very substantial,
0.548 for run 27 with N2O/N2 in the driven tube and 1.45 for run
24 with air in the driven tube. The driver conditionsare identical for
these two runs, but the mass of the gas in the driven tube for run 24
is only 0.67 that for run 27, leading one to expect a greater enthalpy
increase ratio for the former case, as was found to be necessary to
construct the best ® tting CFD simulations.

We now study, in some detail, the pressurelevels and durationsof
the experimentalplateau and valley regionsof the pressurehistories
at station E. The data from the pressurehistories for runs 17,18, and
23±28 are shown in Fig. 8, normalized by the pressure in the re-
¯ ected shock region calculated for pure driven tube gas from the
shock velocity at station E. The abcissa is the calculated nozzle
plenum enthalpy for pure driven tube gas. The error bands for the
plenum enthalpy, calculated as discussed in Sec. IV.B, are §5%.
The error bands for the calculated re¯ ected shock pressure, which
depends in the same way as the enthalpy on the shock velocity,
are also §5%. The estimated accuracyof the experimentalpressure
measurements in the plateau and valley regions is §5%. Thus, the
error bands for the pressure ratios, which appear in the ordinate of
Fig. 8, are §10%, as shown. Each run provides, in general, two
data points: the upper for the plateau pressure and the lower for the

Fig. 8 Ratios of experimental nozzle plenum pressures to theoretical
re¯ ected shock pressures plotted vs nozzle plenum enthalpy and latter
pressures calculated from the extrapolatedshock velocities, where P are
plateau pressure ratios and unannotated points valley pressure ratios;
error band for enthalpy is §5%.

valley pressure. For the two low-pressure air runs, there were no
easily distinguishableplateaus and, hence, there are no plateau data
points in Fig. 8. (The air pressurehistory shown in Fig. 7 is fromone
of these runs.) Beside each upper (plateau) data point is given the
duration of the plateau in multiples of 100 l s. One of the plateaus
was rather signi® cantly sloped downward; this is noted in Fig. 8.

We note that the plateau pressures are not equal to the calculated
re¯ ected shock pressures, but, rather, range from » 10% below the
calculated value for enthalpies of » 7 MJ/kg to » 25% below the
calculated value for enthalpies of » 8.5 MJ/kg. This is believed to
be due to wall friction effects acting between the time the shock
wave passes station E (for which time the theoretical pressures are
calculated)and the time range of the plateau region. Once the shock
wave re¯ ects, one no longer has a simple shock wave continuously
slowing down as it progresses along a tube. For this reason, the
authors did not believe it was justi® ed to perform a further extrapo-
lation of the decreasing shock velocity beyond station E to attempt
to improve the agreement between the calculated re¯ ected shock
pressures and the measured plateau pressures.

For the six low-pressure runs (runs 23±28), there is a large, con-
sistent difference between the data with air and N2O/ N2 in the
driven tube. All four runs with N2O/ N2 have a plateau, which lasts

» 200 l s. One of these plateaus is sloped somewhat, as is noted in
Fig. 8. The upper pressure history of Fig. 7 is representative of the
data for these runs. The two runs with air in the driven tube are very
similar in shape to each other and do not show any easily distin-
guishable plateau regions. One of these pressure histories is shown
as the lower history in Fig. 7. We also note that the valley pressures
are much lower (47±49% of the calculated re¯ ected shock values)
with air in the driven tube than with N2O/ N2 in the tube (63±71%
of the calculated re¯ ected shock values).

This descriptionis completelyconsistentwith there being a much
shorter slug of pure driven gas for the cases with air in the driven
tube and is strongly supported by the CFD simulations for run 24
(which also models run 23) and run 27 (which also models run 28)
discussedearlier. Further, runs 25 and 26 differ from runs 27 and 28
only in the driven tube ® ll pressure (respectively, 7.74, 11.5, 9.21,
and 9.21 kPa) and, thus, the CFD model for run 27 roughly models
runs 25 and 26 as well.

We turn brie¯ y to the two runs at the higher re¯ ected shock pres-
sure level of » 65 bar. These data are inconclusive. The pressure
levels shown in Fig. 8 indicate a slightly better performance using
N2O/N2 in the driven tube. However, the duration of the plateau,
albeit at a lower pressure level, is greater with air in the driven tube.

E. Estimates of Lengths of Slugs of Compressed Driven Tube Gas
Estimates were made, using three different techniques, of the

lengths of the compressed slug of pure driven gas at the nozzle en-
trance.The ® rst techniqueis as follows.The re¯ ected shockvelocity
at the end of the driven tube and the sound speed in the doubly com-
pressedpure driven tube gas can be estimated reasonablyaccurately
given the incident shock velocity.The estimates of these two veloc-
ities are assumed to have the same error band width as the shock
velocity, that is, §2.5% (see Sec. IV.B). The time of passage of the
re¯ ected shock past the pressure transducer at station E is taken
as the mean of the times of the two peaks in the pressure history
indicating the passage of the two shocks of the bifurcated foot of
the re¯ ected shock (see Sec. IV.D and Fig. 7). The time of arrival,
at the transducer, of the head of the expansion wave produced by
the re¯ ected shock wave leaving the region of pure driven gas and
entering the region of mixed driver plus driven gases with variable
density (and variable acoustic impedance) is taken to be the time at
the end of theplateauperiodof the pressurehistory. (The errorbands
of the differencebetween these two times was judged from the data
to be§5% for the longest time intervals, increasingto §18% for the
shortest intervals.) From these data and the known position of the
transducer, the length of the gas slug can readily be calculated.The
errors discussed earlier are summed up to give error bandwidths for
the slug lengths varying from §7.5 to §20.5%.

A second technique starts with the measurements made (Sec.
IV.B) of the time taken for the singly compressed pure driven gas
slug to passby stationD in thedriventube.The errorbandof this time
measurement varies from §4% for the longest intervals (240 ms)
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Table 4 Estimated test gas slug lengths at nozzle entrance

Driven Shock Nozzle Slug l, cm Slug l, cm Slug l, cm
Run Driven tube gas velocity plenum (from pressure (from light (from light
number tube gas pressure, torr at E, km/s enthalpy, MJ/kg histories at E) histories at D) histories at F)

17 Air 126 2.81 8.31 8.0 §1.6 6.0 §0.8 0.38 §0.03
18 N2O/ N2 156 2.69 8.63 5.4 §0.9 10.8 §0.8 1.02 §0.08
23 Air 58 2.65 7.32 <2.5 6.6 §0.7 0.77 §0.06
24 Air 58 2.68 7.52 <2.5 6.1 §0.7 0.78 §0.06
25 N2O/ N2 58 2.57 7.92 13.8 §1.4 8.5 §0.7 1.05 §0.08
26 N2O/ N2 86 2.34 6.65 11.0 §0.8 10.8 §0.7 1.07 §0.08
27 N2O/ N2 69 2.51 7.54 10.6 §1.0 10.6 §0.7 1.28 §0.10
28 N2O/ N2 69 2.45 7.25 10.0 §1.0 13.9 §1.0 Ð Ð

to §10% for the shortest time intervals (see Sec. IV.B). The length
of this slug can readily be calculated from the time interval and the
gas slug velocity calculated from the shock velocity (with an error
band of §2.5%; see Sec. IV.B). This length is then increased by
18.6% to allow for the additionaldriven tube length between station
D and the tube endwall. Finally, it is then decreasedby the expected
density ratio across the re¯ ected shock wave. The error bandwidths
already given are summed up to give total error bandwidths for the
slug lengths ranging from §6.5 to §12.5%.

The third technique starts with the measurements of the times
to arrival of driver gas contamination inferred from light emission
histories taken at station F in the nozzle (Sec. IV.C, error bandwidth
estimated to be §5%). The sound speed and speci® c heat ratio at
the nozzleplenumgas conditionscan be estimated reasonablyaccu-
rately from the measurements of incident shock velocity. The error
bandwidthof the estimatedsoundvelocity is taken to be equal to that
of the incident shock velocity, i.e., §2.5% (as given in Sec. IV.B).
With theseparametersavailableandknowingthenozzlethroatdiam-
eter, the length of the pure driven gas slug required to drain through
the nozzle in the observed optically inferred test time can readily
be calculated. The total error bandwidth is taken to be the sum of
those error bandwidthsgivenearlier,or§7.5%. Table 4 lists the slug
lengthscalculatedby these threedifferent techniquesfor runs17,18,
and 23±28. The error bands for the shock velocitiesand the plenum
enthalpies are §2.5 and §5%, respectively (as given in Sec. IV.B).

Of the 23 estimates of the test gas slug length, 21 show the sub-
stantial superiority of N2O/ N2 over air as the driven tube gas. The
only exceptions are the two estimates made from the pressure his-
tories at station E for runs 17 and 18. These are the same two data
sets that produced the inconclusiveresults discussedat the very end
of Sec. IV.D.

We see from Table 4 that the estimated slug lengths at the nozzle
entrance as calculated from the pressure histories at station E and
the light emission histories at station D are within a factor of 1.6 of
each other for ® ve runs, differ by a factor of 2 for one run and differ
by a factor of » 2.5 or, possibly, more for two runs (runs 23 and
24). In general, considering the dif® culty of the measurements and
the number of assumptions made to calculate the slug lengths, the
authorsregard theseresults as reasonablyconsistentwith eachother.

Turning to the slug lengths calculated from the light emission
histories at station F, we see that these values are 5±10 times less
than the corresponding values calculated from the data at stations
D and E for six of the eight runs. Even for runs 23 and 24, this ratio
may be as large as » 3. It is clear that the interface between the pure
driven tube gas and the mixed gas initially established 2.5±13 cm
upstream of the nozzle entrance spreads and deteriorates rapidly as
the test gas is ¯ owing through the nozzle.Presumably, this is related
to the jets of driver gas seen driving into the driven gas in the CFD
solutionsofRef. 21. In otherwords, the arrivalof drivergasat station
F in the nozzle is not determined by the drainage time for a pure
driven gas slug bounded on the upstream edge by a nearly planar
interface,but ratherby the time it takes thedrivergas jets to penetrate
suf® ciently far into the driven gas slug to reach the nozzle entrance.

The pressure histories at station E for tests 23 and 24 could, at
® rst glance (see, for example, the lower history of Fig. 7) be taken to
indicate zero test time with pure driven gas, inasmuch as the length
of the plateau region appears to be zero for these cases. However,
even with the assumption of zero plateau length, these pressure
histories do not exclude the existence of a pure driven gas slug in

Fig.9 Ratiosofpressure behindre¯ ected shock to initialdriven tube ® ll
pressure vs incident shock Mach number; error band for Mach number
for present data is §2.5%.

the 2.54 cm between the transducerand the nozzle entrance.This is
why in column 6 of Table 4 for these runs,we see the entry <2.5 cm.
Hence, these two pressure histories at station E are not inconsistent
with the slug lengthsof » 0.78 cm estimated from the light histories
at station F for these runs.

F. Re¯ ected Shock Pressure Ratios
In Ref. 13, Craig and Ortwerth present experimental measure-

ments of the ratio of the pressure behind the re¯ ected shock to the
initialdriventube ® ll pressurefor shocktubeoperationwith N2O/ N2

in the driven tube. Data were given for initial shock Mach numbers
up to 6.8. The data were compared to theoreticalpredictionswith no
chemical reactions taking place, with chemical reactionsbehind the
re¯ ectedshock,andwith chemicalreactionsbehindthe initialshock.
It was demonstrated that as the shock Mach number increased, the
data shifted from matching the theoretical curve with no chemical
reactions to matching the theoretical curve with chemical reactions
at the re¯ ected shock to, ® nally, matching the theoreticalcurve with
chemical reactions at the incident shock. Only a single datum of
Ref. 13 ® ts the theoreticalcurvewith reactionsat the incidentshock.
The theoretical pressure ratio curves of Ref. 13 were extended by
Wilson et al.11

The plateau pressure levels of shots 25±28, which were discussed
in Sec. IV.D, yield four additional experimental re¯ ected shock
pressure ratios, obtained at shock Mach numbers above those in-
vestigated in Ref. 13. The error bandwidths for the shock Mach
numbers are §2.5% (see Sec. IV.B), and experimentalplateau pres-
sures are estimated to have error bandwidths of §5%. Figure 9
shows the experimental re¯ ected shock pressure ratio data of Craig
and Ortwerth13 (star data points) compared with the three theoret-
ical curves with no chemical reactions, chemical reactions at the
re¯ ected shock, and chemical reactions on the incident shock. As
already mentioned, the maximum incident shock Mach number for
the experimental data of Craig and Ortwerth13 is 6.8. The four data
points from the present investigation are shown as the solid circle
data points in Fig. 9. These data are in reasonably good agreement
with the theoretical curve and extend the range of the experimental
data to incident shock Mach numbers of 8.7. The new experimental
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data points are 5±20% below the theoretical curve, likely because
of the frictional effects discussed in Sec. IV.D in connection with
the data of Fig. 8.

Summary and Conclusions
An experimental investigation was carried out into the replace-

ment of air in the driven tube of a re¯ ected shock tunnel by
N2O/N2 in order to increase the test time. The work was done in the
10-cm-diamEAST at the NASA Ames Research Center. A seriesof
29 runs were made, 17 with air in the driven tube, 10 with N2O/ N2

in the driven tube, and 1 with Ar in the driven tube. (All data were
lost in one run.)The pressuresbehind the re¯ ected shockwere either

» 3.3 or » 6.5 MPa, and the incident shock velocities ranged bet-
ween 2 and 3 km/s, corresponding to nozzle plenum enthalpies of
4±9 MJ/kg. Test times were estimated from light emission histories
in the driven tube (at about 84% of the way to the nozzle inlet) and
in the nozzle at an area ratio of 27.9 and from pressurehistories just
upstream of the nozzle entrance.

The test times estimated from the light histories in the driven tube
showed that consistent increases of 60±100% were obtained upon
substitutingN2O/ N2 for air in the driven tube. These increaseswere
in very good agreement with theoretical estimates. All test times
(with either driven tube gas) were about 40±50% of the ideal val-
ues expected with a perfect interface between the driver and driven
gases.

The times of driver gas arrival estimated from the light emission
histories in the nozzle did not show signi® cant improvements with
N2O/N2 for cases where the facility was operated between signi® -
cantly undertailored to slightly overtailored conditions. They did
show substantial improvementswith N2O/N2 when the facility was
operated at substantially overtailored conditions. It is believed that
this may be due to the greater stability of the driver±driven inter-
face at overtailored operating conditions.At overtailoredoperating
conditions, increases in the time until driver gas arrival of 60±100%
with N2O/N2 were observed, which were in reasonable agreement
with the theoretical estimates.

The test times estimated from the pressure histories at the nozzle
inlet followed, for the most part, the trends of those estimated from
the light emission histories in the nozzle. Substantial improvements
in test time with N2O/ N2 were observed only when the facility
was operated at substantially overtailored conditions. The six runs
made at the lower re¯ ected shock pressure (» 3.3 MPa) showed a
consistent, large increase in test time with N2O/ N2. The two runs at
the higher re¯ ected shock pressureof » 6.5 MPa were inconclusive.

During operation of the facility, a slug of test gas is created just
upstream of the nozzle entrance. This slug has been compressed
by both the incident and re¯ ected shock waves. Lengths of the slug
were estimated from all three types of data discussed.All of the slug
length estimates made from the light emission data in the driven
tube showed a substantial superiority of N2O/ N2 over air in the
driven tube. (Typical length increases were 60±100%.) These slug
lengths were all about 40±50% of those that would be expected for
a perfect driver±driven gas interface. Of the 25 estimates made of
slug lengths for operation at substantially overtailored conditions,
23 showed a similar substantial superiority of N2O/ N2 over air in
the driven tube. Only the pressure data at the nozzle inlet for two
runs was inconclusive in this regard.

The slug lengths estimated from the driven tube light emission
histories were roughly in agreement with those estimated from the
nozzle inlet pressure histories. The slug lengths estimated from the
light emission histories in the nozzle, assuming drainage of a pure
driven gas slug through the nozzle, were typically 3±10 times less
than those estimated by the other techniques. Thus, the arrival of
drivergas contaminationin the nozzle does not seem to follow from
simple drainage of a well-behaved test gas slug through the nozzle,
but rather, from the arrival of jets of driver gas in the driven tube at
the nozzle inlet.

Re¯ ected shock pressure ratios measured with N2O/N2 in the
driven tube for the substantially overtailored condition were found
to compare reasonably well with theoretical predictions. Previous
experimental data was limited to a maximum incident shock Mach
number of 6.8. The present results extend the Mach number range
up to a maximum of 8.7.
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