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Construction and Validation of a Dense Gas Shock Tube
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Results from initial tests of a shock tube designed to verify the nonclassical dynamics of Bethe–Zel’dovich–
Thompson (BZT) � uids are presented. These tests employed nitrogen at pressures and temperatures required
for shock-tube initial conditions that will produce nonclassical phenomena in a BZT � uid. A single-diaphragm,
stainless steel shock tube is enclosed in a resistance-heated tube furnace. Each of the 16 segments of the furnace
is controlled by a proportional integral differential loop to sustain a uniform temperature along the tube. Water-
cooled static and dynamic pressure transducers and thermocouples are used to monitor the static initial conditions
and the dynamic wave � eld. The nitrogen test cases are compared to the ideal gas Riemann problem. The pressure
differential of the incident expansion wave matches the theoretical magnitude to within 2%, whereas the average
wave speed agrees within 7%. Results of numerical experiments that focus on simulating the diaphragm bursting
dynamics are presented. These simulations give an indication of how diaphragm petaling alters the shape of the
measured expansion pro� le with little effect on the overall magnitudes.

Nomenclature
a = speed of sound, m/s
B NW = bias error of average wave-speed

measurement
D = shock-tube inside diameter
ehys = elemental uncertainty from sensor

hysteresis
elin = elemental uncertainty from nonlinearity

in sensor response
erep = elemental uncertainty from sensor

measurement reproducibility
esen = elemental uncertainty from sensor

sensititivity
etot = total elemental uncertainty
ez , = elemental uncertainty from sensor drift

from zero point
M = Mach number
P NW = precision error of average wave-speed

measurement
p = pressure, atm
pc = critical pressure, atm
p1 = low-pressure initial state, atm
p3 = state at tail of expansion fan, atm
p4 = high-pressure initial state, atm
ReD = Reynolds number based on tube diameter
s = speci� c entropy, J/kg ¢ K
T = temperature, ±C
t = time, s
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th = time of passage of rarefaction wave head
at sensor 1, s

tt, t 0
t = simulated and measured time of passage

of rarefaction wave tail at sensor 1, s
t0 = initial time at diaphragm rupture, s
U NW = total error of average wave-speed

measurement
v = speci� c volume, m3/kg
vc = critical speci� c volume, m3/kg
NW = average wave speed, m/s

x , y, z = space coordinates
xdia = axial location for diaphragm and

high-pressureside of piecewise linear
pressure distribution in simulation
coordinates, m

xS1 = axial location of sensor 1 in simulation
coordinates, m

x 0 = axial location for low-pressure side
of piecewise linear pressure distribution
in simulation coordinates,m

0 = fundamental derivative of gasdynamics
1L = dynamic pressure sensor separation, m
1pinc = pressure change across incident

rarefaction wave, atm
1psec = pressure across re� ected secondary

rarefaction wave, atm
1t = wave propagation time, s
1topen = diaphragm opening time, s

Introduction

D ENSE gasdynamicsrefers to the behaviorof a single-phaseva-
por near the saturated vapor portion of the coexistence curve,

adjacent to the thermodynamic critical point. The nonlinear super-
sonic wave � eld is governed by the fundamental derivative of gas-
dynamics, which is written in nondimensional form as

0 D 1 C ½

a

@a

@v

­­­­
s

(1)

The sign of 0 determines the type of wave � eld nonlinearity. The
familiar positive nonlinearity of classical gasdynamics, for exam-
ple, dynamics of an ideal gas, is associated with positive 0 values.
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Cramer1 refers to the class of � uids that exhibit negative nonlin-
earity, with 0 < 0, as Bethe–Zel’dovich–Thompson (BZT) � uids.
The 0 < 0 condition corresponds to the reversal of curvature of the
isentropes in the p–v plane with respect to the well-known poly-
tropic ideal gas behavior. Contrary to an ideal gas, a consequence
of negative nonlinearity is that the speed of sound increases during
an isentropic expansion. (See, for example, Cramer1 for a compre-
hensive discussion of 0 and dense gasdynamics.)

Negative nonlinearity results in a reversal of the classical super-
sonic wave � eld, where compression shock waves and rarefaction
fans are replaced by compression fans and rarefaction shock waves.
In regions of mixed (positive and negative) nonlinearity, compos-
ite waves consisting of a mix of classical and nonclassical waves
might exist. The most signi� cant of the nonclassical phenomena
is the rarefaction shock wave (RSW). Duhem2 � rst theorized the
existence of the RSW and argued (incorrectly) that a single-phase
RSW violates the second law of thermodynamics. In 1942, Bethe3

found the necessary conditions for a van der Waals � uid to exhibit
nonclassicalbehavior in the single-phasevapor region. Thompson4

later showed that an RSW is possible for a � uid with negative 0.
Thompson and Lambrakis5 and Cramer6 listed several commercial
� uids that might exhibit nonclassical behavior.

Numerous analytical1¡7 and computational8¡13 studies have pro-
vided insight into dense gas phenomena. This includes the RSW,
compression fans, sonic shocks,14;15 and shock splitting1;16;17 for
a pure single-phase gas. Experiments have veri� ed nonclassical
behavior in two-phase systems.18;19 Complementary experimen-
tal studies of nonclassical phenomena in a single-phase vapor,
however, remain undone. Borisov et al.20 claimed to demonstrate
a single-phase RSW in a shock-tube experiment using tri� uo-
rochloromethane(commercial name Freon-13 or F-13). The exper-
iment recorded an expansion wave with a width of approximately
3 cm propagating with little change in pro� le. Borisov et al.20 and
Kutatelazeet al.21 assert that thiswavewas anRSW. Fergasonet al.22

challenged this assertion, based on two points. First, F-13 is not a
retrograde� uid, a necessarypropertyfor a BZT � uid, and, secondly,
0 ! C1 as the critical point is approached. The Borisov et al.20

F-13 experiment was computationallymodeled by Fergason et al.22

using the Martin–Hou equation of state.23 The result, reproducedin
Fig. 1, shows a rarefaction fan (RF) below both the coexistenceand
spinodal curves when plotted in the p–v plane. The RF is separated
from the compression shock wave (CSW) by the v jump through
the contact surface (CS). Although the simulation is not expected
to be highly accurate near the critical point and in the two-phase
region, the qualitative results suggest that a RSW in F-13, even
with metastable intermediatestates, is not possible. Others,14;24 and
even Kutatelazeet al.,21 questionedthe interpretationof the Borisov
et al.20 experimentand offeredalternativeexplanationsrelated to the
in� uence of the thermodynamic critical point.

The uncertainty of the experiment with F-13 provides motiva-
tion for the planned dense gas experiments. We attempt to avoid
ambiguity by choosing a BZT � uid and initial states suf� ciently
removed from the critical point to avoid its nonanalytic in� uence.

Fig. 1 Coexistence curve, critical isentrope, spinodal curve, and sim-
ulated p–v states for F-13 shock-tube simulation.22

Fergason et al.22 presented an algorithm to identify appropriate ini-
tial conditionsfor a given BZT � uid. This algorithmwas used in the
design and construction of the dense gas shock tube. The present
work summarizes the constructionand subsequentvalidationof the
shocktube operatingin conditionspredictedto producenonclassical
behavior in BZT � uids.

The next section outlines the features of the experimental appa-
ratus. Speci� c design parameters are discussed along with relevant
schematics. In the following sections, results of experimental vali-
dation trials using nitrogen (N2/ are discussed. A measurement un-
certainty analysis is also presented. Finally, results from numerical
experiments are compared to actual experimental results to investi-
gate the in� uence of the diaphragm bursting dynamics.

Experimental Apparatus
The shock tube is designed to verify the existence of nonclas-

sical phenomena associated with single-phase, dense gasdynamics.
Temperatureand pressureare controlledto set the initial conditions.
Figure 2 shows the location of a particular set of initial conditions
computed using the algorithm of Fergason et al.22 for per� uoroper-
hydro� uorene (C13F22, commercial name PP10), which will be the
� rst BZT � uid tested. Figure 2 was created using the Martin–Hou
equationof stateand shows the saturatedvaporportionof thecoexis-
tence curve with the 0 < 0 region enclosed between the coexistence
curve and the 0 D 0 contour. The standard shock-tube numbering
scheme10 is used to designate the initial low-pressurestate 1 and the
high-pressure state 4. The region of initial states shown in Fig. 2 is
typical of that for the BZT � uids considered.The range of available
states offers little margin for uncertainty in either the � uid pressure
or temperature with readily available sensors.

The dense gas shock tube, shown schematically in Fig. 3, is de-
signed to use a single � uid in the driver and driven sections. This
avoidsa complex � uid separationsystemand simpli� es the analysis.
Sustaining an initial temperature differential across the diaphragm
was not considered. The main tube is made from Type 304, 4-in.
Schedule 80 stainless steel tubing, with an outside diameter of
11.43 cm (4.500 in.) and an inside diameter of D D 9:718 cm
(3.826 in.). The 4.88-m (16.0-ft) long tube is completely contained
within the heating elements of the tube furnace. The diaphragm is

Fig. 2 Candidate initial conditions in the T–p plane for PP10 using the
Martin–Hou23 equation of state and assuming nonpolytropic behavior
in the dilute gas limit.

Fig. 3 Shock-tube schematic.
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Fig. 4 Photograph of shock tube.

offset 3.04 m (10 ft) from the end of the tube that contains the dy-
namic transducers. The labels 1 and 4 in Fig. 3 indicate the low-
and high-pressure sides of the shock tube initially separated by the
diaphragm. The two dynamic pressure transducers are located at
x=D D 25:1 and 28.5 from the diaphragm at distances of 2.44 m
(8.00 ft) and 2.77 m (9.08 ft), respectively. The locations of high-
temperaturevalves, thermal expansionjoints, and vapordistribution
equipment are also shown. Figure 4 is a photograph of the shock
tube with the � rst author. The furnace heater segments can be dis-
tinguished in the photograph.

Temperature Control Subsystem
Because the temperature interval to observe nonclassical gasdy-

namics is the most restrictiveaspectof theseexperiments(cf.Fig. 2),
adequate precision and accuracy for the temperaturecontrol system
is a fundamental requirement.The temperature control system con-
sists of 16 individual control loops administered by a CPU. Each
individual loop comprises a proportional–integral–differential con-
trol algorithm with a thermocouple as sensor input and an 1800-W
resistance heater as negative output. By division of the control task
among many different control elements over the length of the tube,
the accuracy of the temperature control is comparable to the accu-
racy of each individualcontrol element.This is possiblebecause the
system temperature response time is considerably slower than the
administration of the algorithm for the 16 control loops.

Temperature measurement at elevated values is made accurate
and precisewith the use of the F150/B550 high-accuracycalibration
system from ASL, Inc. Thermocouples and resistance temperature
detectorsoperatereliablyabove200±C with approximatelythe same
amount of error. The use of National Institute of Standards and
Technology calibrationsgives a listed error value of §2±C for both
sensor types. Because this temperature accuracy was unacceptable
for this experiment, a different calibration was implemented. With
a manufacturer listing of §0:01±C, the temperature was measured
within the desired range for each individual element of the control
system.

When the shock tube is fully operational, the reservoir shown in
Fig. 3 will be � lled with a BZT � uid (PP10 initially), then heated
to generate the vapor to � ll the tube. The reservoir was not used for
the presentN2 tests. For each run, the shock tube was brought to the
initial set-point temperaturebefore the N2 was introduced.Figure 5
shows a typical heating history of the 16 furnace elements as they
approacheda set-point temperatureof 300±C. Although the individ-
ual curves are not labeled to correspond to Fig. 3, the elements near
the center of the heater array approached the set-point temperature

Fig. 5 Temperature history for 16 furnace sections with a 300±C set-
point temperature.

more quickly then those near the ends. Room temperature N2 was
introduced into both sides of the shock tube through the N2 inlet
supply valve. The N2 was evacuated twice to purge the system of
air before the � nal pressurization.The system was then allowed to
reequilibrate to the set-point temperature before bleeding the N2 to
the required initial pressuredifferential.Leakage was not a problem
for these initial tests; however, future tests will quantify the leak rate
before the dense gas experiments begin.

Data Acquisition Subsystem
Data acquisition was focused on two sets of measurements, the

initial static pressure and temperature and the dynamic pressure.
Although the high- and low-pressure states can be swapped from
oneend to the other, the focusof experimentswas the propagationof
the rarefactionwave into the high-pressurestate 4. The requirements
on temperature control and high-temperature sealing precluded an
optical window in the present design.

For the N2 experiments, the rarefaction wave front moves at the
state-4speedof sound, typicallyabout500 m/s. Based on this speed,
ReD is on the order of 1 £ 106, thus, a turbulent boundary layer is
expected. Because the boundary layer grows from zero thickness
with the passage of the head of the rarefaction wave, it is expected
to have a negligible effect on the pressure measurements of the
incident wave. Fergason and Argrow25 presented simulation results
for boundary-layergrowth behind a RSW in a BZT � uid, including
a discussion of the resulting negative displacement thickness.

The Kistler Instrument Corporation manufactured the piezoelec-
tric dynamic pressure transducersand the piezoresistivestatic pres-
sure transducers.The dynamic transducers are mounted in the wall
of the stainless steel main tube. These transducers were chosen for
their ability to withstand the sustained high temperatures without
sacri� cing precision or accuracy. The casing surrounding the elec-
tronics of these transducers is water cooled. The initial pressure
conditions are measured with static pressure transducers mounted
on stalks (small-diameter stainless tubes) at each end of the shock
tube. The stalks allow the static transducers to be placed outside
the high-temperature environment inside the furnace. In addition,
a cooling adaptor is mounted to ensure that the static electronics
stay within operating tolerances. The stalk design is also intended
to remove thermal gradients introduced to the � uid by the cooling
adaptors. The static sensor stalks are mounted in the � ange caps at
each end of the tube.A bore in the end cap insulationallows the sen-
sor cabling and cooling lines to be attached without direct exposure
to the high-temperature interior.

The input side of the control algorithm uses high-temperature
type-K thermocouple wire to measure the initial � uid temperature.
Thermocouples are used because they provide adequate accuracy
and durability and are easily fabricated. Two thermocouples are
inserted into each end cap of the tube to con� rm the internal initial
temperature.Thermocouplesare placed on the tube exterior, spaced
30.4 cm (12.0 in.) apart, beneath each of the furnace segments.
Each thermocouple provides a wall temperature measurement for
the control algorithm.
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Diaphragm Preparation
The diaphragm is a 0.1-mm (0.004-in.) thick copper sheet with a

cross-patterned score for a rapid, even burst. A double diaphragm
system was attempted initially, but was abandoned due to a lack
of repeatability from the limited selection of materials investigated.
A mechanical bursting mechanism was also considered, but not
pursued. To initiate the experiment, the entire tube is brought to
the high-pressure state. Then the pressure is slowly lowered on the
low-pressure side until the diaphragm bursts within the range of
allowable initial conditions.

Results
Experimental trials using nitrogen were completed to investigate

the accuracy and repeatabilityof the apparatus with conditionssim-
ilar to those expected to produce a nonclassicalwave � eld in a BZT
� uid. Data collected from the dynamic sensors are in the form of a
voltage measured in evenly spaced time increments. The nitrogen
wave � eld is composed of a classical RF propagating into the high-
pressure side (state 4) and a CSW, followed by a CS, propagating
into the low-pressure side (state 1). Between the rarefaction wave
and the compression shock, the pressure is p3.

The resultsof these trialsare summarized in the followingsection.
The initial conditions were also input into a numerical simulation
for comparison with the experiments. These simulation results are
also discussed.

Nitrogen Tests
The data presented in Figs. 6–8 are for case 1 listed in Table 1;

these data are representative of each of the four nitrogen trials.

Table 1 Initial conditions and sampling rates

Case p1 , atm p4, atm T , ±C Sample, Hz

1 4.250 4.824 350.0 44,642
2 3.980 4.736 350.0 52,083
3 4.237 4.825 350.0 52,083
4 4.539 5.219 350.0 104,166

Fig. 6 Dynamic sensor pressure history for case 1.

Fig. 7 Interpretation of pressure signal.

Fig. 8 Pressure history from static sensors for case 1.

Fig. 9 Pressure history from dynamic sensor 1 for initial conditions
in Table 1.

Figure 6 shows the incidentexpansionwaveat the two wall-mounted
dynamic pressure sensors, and Fig. 7 helps to interpret the data in
Fig. 6. The incident wave front recorded by the static pressure sen-
sors is shown in Fig. 8. Note that static sensor 2 recorded the CSW
signature.The repeatability of the bursting process was established
as shown in Fig. 9 for the four separate experimental trials, with
slightly varying initial conditions. Because the focus of the study
is on incident waves, Figs. 6–9 show only the initial sensor con-
tact with a wave. Further time evolution, after multiple end-wall
re� ections, was measured, but is not shown.

In Fig. 6, sensor 1 is the dynamicpressure sensorclosest to the di-
aphragm, and sensor 2 is the dynamic pressure sensor closest to the
end-wall.At � rst theexpansionwaveappearsmore complicatedthan
expected. Sensor 1 shows evidence of a “stepped” expansionwave,
not evident at sensor 2. The upper part of the stepped wave spans a
pressuredecreaseapproximatelyequal to the 1pinc predictedby the
exact solutionof the ideal gas Riemann problemfor N2 . The stepped
appearance is not evident in the sensor 2 pro� le, and the magnitude
of the pressure decrease is about twice that predicted from the Rie-
mann problem. However, the end of the expansion shown in Fig. 6
(t ¼ 0:008 s) occurs for sensor 2 before sensor 1, suggesting that
a wave traveled in the opposite direction to the incident expansion
fan. This observation is further supported in Fig. 8 by the detection
of a pressure decrease at t ¼ 0:005 s (before termination of the total
pressure decrease in Fig. 6) by static sensor 1.

It is clear in Fig. 6 that the expansion wave measured at sensor
1 was a combination of the incident expansion fan and the end-
wall re� ection propagating in the opposite direction. The smoothly
varying expansion of double magnitude suggests that sensor 2 was
in the nonsimple wave region of the re� ection, so that it did not
distinguish between the incident and re� ected waves.

The average wave speed is calculated from the difference in time
of arrival of the head of the pressure wave at each dynamic sensor.
Because the sensor spacing is accurately known, the average wave
speed is simply

NW D 1L=1t (2)

Because the wave travel time is inferred from the dynamic pres-
sure measurement, the dynamic sensor error and the sampling rate
directly affect the time measurement.
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Table 2 Theoretical vs measured shock tube conditions

p3, atm NW , m/s

Case Theory Experiment Theory Experiment

1 4.519 4.525§ 0.016 507.0 503.6§ 93.2
2 4.339 4.338§ 0.016 507.0 490.7§ 69.2
3 4.520 4.442§ 0.016 507.0 545.5§ 76.7
4 4.865 4.866§ 0.016 507.0 525.4§ 43.5

Table 3 Elemental uncertainties for dynamic and static
pressure sensors

Dynamic Static
Elemental
uncertainty % FSOa atm % FSOa atm

ehys ·0.5 ·0.004 ·0.1 ·0.020
elin §0.1 §0.001 §0.3 §0.060
erep §0.5 §0.004 ·0.1 ·0.020
esen §0.5 §0.004 ·0.2 ·0.040
ezl §6.7 §0.050 ·0.1 ·0.020
ezs §0.5 §0.004 ·0.1 ·0.020
etotl §6.8 §0.050 §0.4 ·0.080
etots §2.1 §0.016 §0.4 ·0.080

aFull scale output.

Table 2 compares the incident experimentalexpansionwave with
one-dimensional Euler predictions using the initial conditions in
Table 1. The p3 values following the incidentexpansionwave match
predicted values to within 2% for all cases, and the computed NW
value is within the uncertainty of the measured NW values.

Uncertainty Analysis
The simplicity of the shock-tube system leads to simple evalua-

tions for the individualand overall system uncertainties.The exper-
imental uncertainty is con� ned to that in the pressure and temper-
ature measurements, which propagate to any associated variables
calculated from those measurements.

The elemental uncertainty for the pressure sensors is computed
from

etot D
q

e2
hys C e2

lin C e2
rep C e2

sen C e2
z (3)

See, for example, Figliola and Beasley26 or Holman.27 Table 3 lists
the individual sources with the total sensor uncertainty listed in the
manufacturer’s speci� cations.28;29 Two distinct values of the zero-
drift uncertainty(subscripteds for short time and l for long time) are
listed in Table 3. The zero-drift uncertainty results from the drift of
the sensor ground (reference pressure) over time. Because a period
of secondselapsesbetween the sensor initiationand the recordingof
the data of interest,a small drift is possiblein the referencepressures
of the individual sensors, represented by the long time uncertainty.
The short time zero-drift uncertainty represents the effect of the
ground drift of the individual channels over the course of a typi-
cal measurement, for example, 0.001 s. These values represent the
uncertainty in any pressure measurement for the apparatus and are,
thus, used as error-bar magnitudes for any physical representation
involving pressure data.

The elemental uncertainty for any measurement system can be
estimated using the preceding procedure. However, estimating the
temperatureelementaluncertaintybecomesmuch simplerwith end-
to-endcalibration.By calibrationof the entire temperaturemeasure-
ment system, the individual sources are replaced by the uncertainty
of the calibrationtechnique.In this case, the temperaturecalibration
uncertainty is listed as 0.01±C. Because the temperature resolution
of the thermocouple is 0.1±C, this value becomes the temperature
elemental uncertainty and is used for the error-bar magnitude in all
temperature data.

The inherent uncertainty in the wave speed is calculated using
standard error propagation techniques.26;27 Bias errors B NW and pre-
cision errors P NW are estimated for the average wave speed from the
uncertainty in the sensor displacement, whereas the wave arrival

Table 4 Uncertainties for experimental
average wave speeds

Case B NW , m/s P NW , m/s U NW , m/s

1 §76.7 §0.9 §76.7
2 §69.2 §0.8 §69.2
3 §93.2 §0.8 §93.2
4 §43.5 §0.9 §43.5

Fig. 10 Diaphragm opening time in x–t plane.

time is based on the sensor’s ability to detect temporal pressure
changes. The data sampling rate and the dynamic sensor uncer-
tainty are factors that in� uence the wave arrival measurement. The
total error

U NW D
q

B2
NW

C P2
NW

for the average wave speed is also presented in Table 4.

Diaphragm Bursting Process
The in� uence of the diaphragmbursting process on the measure-

ments is now discussed.Speci� cally, we examine the effects of the
bursting process on the measured expansionwave pressurepro� les.
First, the theory of characteristicsis used to estimate the diaphragm
breaking time. This is essentially the time it takes for state 3 to be
established at the tail of the expansion fan. Then numerical sim-
ulations are presented to investigate the effects on the wave � eld
evolution from incomplete diaphragm petaling.

Diaphragm Opening Time
The experimentalresults for case 1 in Table 1 give an elapsedtime

between the detection of the head of the incident rarefaction wave
and its tail, which is greater (1:59 £ 10¡3 s) than predictedby theory
(2:78 £ 10¡4 s). As a consequence,the p vs t slope of the measured
incident wave (cf. Fig. 6) is signi� cantly lower than predicted.This
discrepancy is believed to depend partly on the � nite diaphragm
opening time. The in� uence of nonideal behavior of the diaphragm
on shock-tube � ows is addressed extensively in the literature,30¡34

although most authors focused their analysis on the compression
side of the tube. For a high-pressure ratio p4=p1 apparatus, the
� nite opening time may result in shock wave acceleration along
the tube axis and also to higher shock speeds with respect to ideal
one-dimensional theory.31;33;34

By the assumption of a linear time dependenceof the pressure at
the diaphragmlocation xdia (i.e., a linear decrease from the value p4

at time t0 to the � nal value p1 at time t0 C 1topen), it is possible to
estimate 1topen from the theory of characteristics (Fig. 10). This is
obtained from the exact solution of the Riemann problem, that is,
for an instantaneousdiaphragmburst.The characteristiclines drawn
through tt and t 0

t are parallel because they correspond to the same
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Fig. 11 Experimentand computationalpressure history,dynamicsen-
sor 1, case 1.

Fig. 12 Experimentand computationalpressure history,dynamicsen-
sor 2, case 1.

Fig. 13 Experimentand computationalpressure history,dynamicsen-
sor 1, case 4.

gas dynamic state 3. Thus, the diaphragm opening time is immedi-
ately obtained as t 0

t ¡ tt, or 1:31 £ 10¡3 s for case 1. This opening
time is consistent with the cited references. For example, White31

measured 1topen D 6 £ 10¡4 s for 0.406-mm thick type 302 stain-
less steel diaphragms,with p4=p1 > 1000 (for the present apparatus
p4=p1

»D 1:14). Note that the measured time t 0
t is also evidently in-

� uenced by the incomplete petaling, discussed in the next section.
The primary effect is a decrease in the slope of the p–x plot of the
expansionpro� le (discussed in the next section), thus resulting in a
corresponding increase in t 0

t .
Numerical simulations are now presented to support the present

explanation. In Figs. 11 and 12, the numerical results for case 1 of
Table 1 are compared with the correspondingexperimental values.
A linear pressure distribution from time t0 to t0 C 1topen can be ob-
tained by supplementingthe numerical simulation with a piecewise
linear (in space) initial condition at time t0, in which the pressure
varies from p4 at xdia to p1 at x 0, as shown in Fig. 10, to avoid un-
necessary complications related to time-dependent boundary con-
ditions.

The estimated diaphragm opening time is veri� ed by consider-
ation of case 4 of Table 1, as shown in Figs. 13 and 14. In fact,

Fig. 14 Experimentand computationalpressure history,dynamicsen-
sor 2, case 4.

Fig. 15 Typical burst diaphragm.

the ratio p4=p1 being about the same as in case 1, the diaphragm
opening time should not vary signi� cantly. Numerical simulations
agree with the observed pressure pro� le trends, thus con� rming the
presentestimate.In both cases, dynamicpressuresensor2 lies inside
the nonsimple region of wave re� ection at the end wall.

It is worth addressing the diaphragm tearing process and its in-
� uence on the wave pro� le. As pointed out by Rothkopf and Low,32

copper or brass diaphragms are characterized by a longer tearing
time with respect to less ductile materials such as aluminum. The
tearing process can take as much as 50% of the total bursting time.
Moreover, ductile materials have been found to present asymmet-
ric petaling, a behavior that is enhanced in the present case by the
circularshapeof the diaphragm.32 The strongoscillationin the pres-
sure pro� le of Fig. 13, which is located immediately ahead of the
main rarefactionwave and that is more intense than the background
shock-tube ringing, appears to be related to the asymmetric petal-
ing of the diaphragm. A similar, though weaker, disturbance is also
visible in Fig. 11.

Partial Burst of the Diaphragm
Posttest examination of the diaphragms indicates nonuniform

petaling. In each case, the diaphragm burst correctly along the pre-
scribed score, yet only two adjacent petals, of the four, appear to
have been forced completely open. An example of a partially burst
diaphragm is shown in Fig. 15, where the partial petaling is evi-
dent. This obstacle to the main � ow may create a multidimensional
secondary � ow not adequately modeled by the one-dimensional
Riemann problem. Three-dimensional Euler simulations are pre-
sented next, to examine the in� uence of the asymmetric burst on the
measurements.

The high-resolution approach proposed by Guardone and
Quartapelle,35 which combines the node-pair representation36 of the
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Fig. 16 Three-dimensional simulation of partial diaphragm burst,
t = 0.048 ££ 10¡3 s, isoline difference 6 ££ 10¡3 atm.

Fig. 17 Three-dimensional simulation with partial diaphragm burst,
t = 0.24 ££ 10¡3 s, isolines at 12 ££ 10¡3 atm.

Galerkin and Taylor–Galerkin schemes with the upwind scheme of
Roe37 for polytropic ideal gases, is employed in the computations.
For a detailed description of the method, the reader is referred to
Selmin36 and to Selmin and Formaggia.38

The shock-tube geometry is discretized by means of an un-
structured grid of 170,829 prismatic elements with triangular ba-
sis (96,192 nodes). Note that, for the three-dimensionalsimulation
plots, the shock-tube centerline is designated as the z axis. In the
z direction, the grid is evenly spaced to obtain a resolutionof 10 mm
(501 nodes). In each x–y cross section, the grid is made of 342
triangles, to obtain an average distance between nodes of about
8 mm. The surface grid of the diaphragm is a hybrid of 342 trian-
gles (diaphragmsides) and 13 quadrilaterals(diaphragmtop). With
the grid spacing being uniform in the z direction, the diaphragm
thickness is 10 mm.

Figures 16 and 17 show the pressure contours at times t D
0:048 £ 10¡3 s and 0:24 £ 10¡3 s in the x D 0 and y D 0 planes,
for case 1 of Table 1; the spacing of the pressure isolines is
12 £ 10¡3 atm. The vertical section of the diaphragm induces a
curved expansion front that moves into the high-pressure test sec-
tion. On contacting the lower wall, the oblique expansion re� ects
to produce the series of expansions seen in the pressure contours
of Fig. 17. The compression shock undergoes a similar re� ection
as it moves into the low-pressure side of the shock tube. The pri-
mary rarefaction wave has a lower intensity than the one resulting
from a full burst of the diaphragm. The preceeding agrees with the
theory of cylindricalwaves, which predicts a reduction in the wave
intensity that is proportional to the inverse of the distance from its
center. Because of the initial curvature of the waves, the primary
and re� ected waves eventually coalesce into a single wave orthog-

Fig. 18 Three-dimensional simulation with partial diaphragm burst
near dynamic sensor 1.

onal to the shock-tube axis because the portion of the wave that is
normal to the shock tube walls moves at a lower velocity (relative to
the wall) than the curved part. Therefore, a single rarefactionwave,
normal to the shock tube axis, is obtained near the end wall, exactly
as in the case of a completely burst diaphragm.

The pressure transducers are located near the end wall where the
single rarefaction wave is completely formed (cf. Fig. 18). How-
ever, the slope of the rarefactionwave differs from the one resulting
from a complete burst because it is generated by a re� ection pro-
cess, rather than an initial discontinuity as in the one-dimensional
Riemann problem. Moreover, the overall pressuredifference across
the rarefaction wave is smaller than the expected value. This dis-
crepancy can be explained by consideration of the primary wave
as it � rst leaves the diaphragm. The rarefaction wave sets the � uid
into motion toward the diaphragm; as the � uid encounters the di-
aphragm surface, a compression wave starts from the diaphragm
location toward the primary wave. This compressionwave weakens
the primary and the re� ected secondary rarefaction waves, thus re-
sulting in the pressure jump reduction that is observed in Fig. 18.
The reductionof the pressuredifferenceacross the rarefactionwave
is between 0.01 and 0.02 atm, and, therefore, the presence of this
effect went unnoticedin the preliminary tests becauseof the lack of
pressure sensor resolution. (Sensor resolution for the nitrogen test
cases is §0.016 atm.)

Conclusions
A shock tube designed to explore the dynamics of dense gases,

particularlythe nonclassicaldynamics of BZT � uids, has been con-
structed and tested with N2. The primary goal of these experiments
was to validate the designfor use in the region of pressuresand tem-
peratures expected to produce the nonclassical behavior of a BZT
� uid. The entire tube was heated to a uniform initial temperature of
350±C. Heating is provided by 16 tube-furnace segments for pre-
cise temperature control over the entire length of the tube. A single
copper diaphragmis used to initiate each experimental trial. The di-
aphragmsconsistentlyburst with acceptablerepeatability;however,
petaling was not complete.

The results of each experimental trial are compared to the ideal
gas Riemann problemfor validationof the burstingprocessand data
acquisition. The incident expansion wave matched the theoretical
magnitude to within 2%. The average wave speed measured for
each trial was found to match the theoreticalvalue to within 7% and
within the calculated uncertainty.

The in� uence of the � nite diaphragm opening time is estimated
with a one-dimensionalmodel employinga simple linear pro� le for
the initial transientpressure response.The diaphragmopening time
is estimated as 1:31 £ 10¡3 s, and it signi� cantly affects the pro� le
of the propagating RFs.

The experiment was simulated with a three-dimensional Euler
computation to examine the effect of an obstacle on incident wave
propagation. The bursting process was modeled with a partial di-
aphragm break. This was based on examinationof diaphragmsafter
experimental trials. Simulations show that a partial diaphragmburst
did not signi� cantly affect classical expansion fan formation.
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