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Quasi-One-Dimensional Modeling of a Free-Piston Shock Tunnel

P. A. Jacobs*
University of Queensland, St. Lucia, Queensland 4072, Australia

A Lagrangian formulation for the quasi-one-dimensional modeling of free-piston-driven shock tunnels is
described. Three simulations of particular conditions for the T4 shock tunnel are then presented and compared
with experimental measurements. The simulations provide very good estimates for both the shock speed and the
nozzle-supply pressure obtained after shock reflection and also provide detailed information on the gasdynamic
processes over the full length of the facility. This detailed information may be used to identify some of the causes
for observed variations in nozzle-supply pressure.

Nomenclature
A = duct or tube area, m2

a = speed of sound, m/s
Cv = specific heat at constant volume, J/kg/K
D = (effective) duct or tube diameter, m
E = total energy per unit mass e + l/2«2, J/kg
e = specific internal energy, J/kg
^loss = effective force due to pipe-fitting losses, N
Fp = piston friction force, N
^waii = waU shear force due to viscous effects, N
/ = Darcy-Weisbach friction factor
H = total enthalpy, J/kg
h = heat transfer coefficient, J/s/m2/K
j = cell index
K = viscous loss coefficient
L = length, m
M = Mach number
m = mass, kg
P = pressure, Pa
Pr = Prandtl number
q = heat transfer rate, J/s
R = gas constant, J/kg/K
Re = Reynolds number
r = duct or tube radius, m
St = Stanton number
T = temperature, K
t = time, s
U_ _ = state vector in the gasdynamics equations
UL,UR = Riemann invariants
u = local velocity, m/s
V = piston velocity, m/s
x = position, m
Y = ratio of specific heats
A± = intermediate variable for interpolation
A = compressibility factor
X = compression ratio
|i = viscosity, kg/m/s; friction coefficient
n =3.14159...
T = wall shear stress, Pa
Q, = recovery factor

Subscripts
aw = adiabatic wall condition
B = back of piston
exit = nozzle exit plane
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F - front of piston
/ = friction value
j = Lagrangian cell index
7+1/2 = interface indices
L, R = left and right states for the Riemann solver
loss = pipe-fitting value
p = piston
s = nozzle supply (stagnation) condition
wall = wall condition

Superscript
* = interface condition/Eckert reference condition/nozzle

throat

Introduction

W ITH the recent installation of free-piston shock tunnels1'2
and the reactivation of older pulse facilities,3'4 there has

been renewed interest in the quasi-one-dimensional modeling of
transient-flow facilities.5'9 Reasons for this interest include 1) the
need for more detailed information on the test-flow conditions, 2)
the identification of secondary effects which affect the flow qual-
ity, 3) the identification and assessment of new operating condi-
tions without risk to facility hardware, and 4) the validation of new
design concepts.

This paper will consider the modeling and simulation of a par-
ticular facility, namely the T4 free-piston tunnel located at the Uni-
versity of Queensland. It will be demonstrated that dynamic mod-
eling, based on quasi-one-dimensional gasdynamics, point-mass
dynamics for the moving piston, and engineering correlations for
wall-shear stress and heat transfer, provides a reasonably good
simulation tool. This tool may then be used to provide data on
some of the points mentioned earlier.

The T4 facility10 is shown schematically in Fig. 1. It is essen-
tially a reflected-shock tunnel driven by a free-piston compressor.
The attraction of the free-piston compressor is that it can conve-
niently provide a range of driver gases at very high temperatures
and pressures.

The compression tube initially contains helium (or mixed he-
lium-argon) driver gas at approximately atmospheric pressure. A
primary diaphragm, typically consisting of two sheets of mild
steel, separates the compression tube from the shock tube. The
shock tube initially contains the test gas and is separated from an
evacuated nozzle and test section by a thin plastic diaphragm.

The operation of the facility is initiated by the release of the pis-
ton and its acceleration along the compression tube. The driving
force is provided by a reservoir of compressed air (not shown in
Fig. 1). The driver gas, between the piston and the primary dia-
phragm, is compressed until the rupture pressure of the diaphragm
is exceeded. The ratio of initial driver gas volume to the driver gas
volume just before rupture is the compression ratio X.

After the diaphragm ruptures, the driver gas expands into the
shock tube and shock compresses the test gas before it. The pri-
mary shock wave (or incident shock wave) travels the length of the
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138 JACOBS: FREE-PISTON SHOCK TUNNELS

shock tube, reflects from the (nearly) closed end of the tube, and
brings the test gas to rest in the "nozzle-supply region." Depending
on the selected operating condition, temperatures and pressures in
this region may reach typical values of 8000 K and 100 MPa, re-
spectively.

Upon shock reflection, the light secondary diaphragm (located
at the nozzle throat) ruptures, and test gas expands from nearly
stagnant conditions in the nozzle-supply region to "steady" hyper-
sonic flow conditions in the test section. The duration of this
steady hypersonic flow is typically in the range of 0.5-2 ms. For
the facility simulations presented here, the focus is on the perfor-
mance of the free-piston compressor and shock tube only. Hence,
the model will include the flow processes up to the nozzle throat
but will ignore the nozzle starting process.

Numerical Modeling
The general procedure for modeling T4 is to divide the facility

into its component parts such as the tubes, piston, diaphragms, and
volumes of gas (i.e., gas slugs). The description of each compo-
nent is formulated separately, and components are allowed to in-
teract through boundary conditions. The core of the simulation is a
time-stepping loop that first applies the specified boundary condi-
tions and then advances the state of the entire system forward in
time by a small increment (or time step). The generic components
described in the following sections include a slug of compressible
gas, a piston, and a diaphragm.

Facility Specification
In this one-dimensional formulation, the facility is modeled as a

linear array of circular pipes aligned with the x axis. These pipes
are, in increasing x distance, the compressed-air reservoir, the
manifold with effective internal diameter D = 0.168 m, the com-
pression tube, and the shock tube. See Table 1 for the component
dimensions. At the downstream end of the shock tube, the nozzle
is modeled by a contraction to D* = 0.025 m and an expansion to

£>exit = 0.262 m. All area variations are gradual and occur over dis-
tances of 0.1-0.2 m. This is in contrast to the sudden area transi-
tions found in the actual facility. Referring to Fig. 1, the junction
between the manifold and the compression tube is located at x = 0,
whereas the primary diaphragm is located at x = 26.0 m (the com-
pression-tube/shock-tube junction), and the light secondary dia-
phragm is located at x = 36.0 m. Shock-speed measuring stations
1, 2, and 3 are located at x = 30.0, 32.0, and 34.0 m, respectively.

Four gas slugs are modeled. These are 1) the slug of com-
pressed-air pusher gas upstream of the piston, 2) the driver gas,
initially between the piston and the main diaphragm, 3) the test
gas, initially retained between the two diaphragms, and 4) a slug of
very low pressure gas downstream of the secondary diaphragm.
The simulations presented here will include both pure helium and
a helium-argon mixture for the driver gas. Air will be the only test
gas considered. Both the compressed air and the driver gas are
modeled as perfect gases, whereas the test gas and the very low
pressure gas initially in the nozzle are assumed to be in chemical
equilibrium.

The piston is modeled as a rigid body. The initial position of its
centroid is x = 0.235 m, and a buffer is included at the end of the
compression tube so that the centroid position is limited to x <=
25.765 m.

Gasdynamics
Each slug of gas is divided into a number of control-mass ele-

ments (or cells) moving in a variable-area duct. Flow in one di-
mension only is considered, and any area changes in the tube area
are assumed to be gradual. Although the boundary layer along the
tube wall is not completely modeled in the formulation of the gas-
dynamic equations, some of its effects are modeled by the addition
of a wall shear stress in the momentum equation and heat transfer
in the energy equation.

Figure 2 shows a typical control-mass cell (labeled j) with inter-
faces (labeled j - 1/2 and j + 1/2) to adjacent cells. At each inter-
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Fig. 1 Schema of the T4 shock tunnel facility and its operation.
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Fig. 2 Control-mass cell.

Table 1 T4 shock tunnel dimensions used in the simulations

Component
Compressed-air reservoir
Manifold
Compression tube
Sock tube
Piston

Diameter, m
0.173
0.168
0.229
0.076
0.229

Length, m
11.3

1.0
26.0
10.0
0.47

Mass, kg

——

92.0

face, the Lagrangian description equates the local fluid velocity to
the interface velocity as

*/±l/2 _

and, if the gas is considered to be calorically perfect, the specific
internal energy is

e = CvT

The equation of state may then be written as

P = p(y-l>

and the speed of sound is given by

P .

V

(6)

(7)

(8)

For the air test gas, which is assumed to be in chemical equilibri-
um, the curve fits given in Ref. 12 are used to obtain P, 7\ a, and y
as functions of p and e for temperatures up to 25,000 K.

The viscous shear force on a gas cell is given by

j+ 1/2 1/2

Assuming a circular cross section

D = 2 (A/n)

(9)

(10)

The wall shear stress is obtained from the Darcy formula for
steady incompressible flow (see, for example, Ref. 13)

(11)

The friction factor is computed as6

64
dt = u-'j ± 1/2

where u is computed with a Riemann solver. See Ref. 11 for an
early application of the Lagrangian formulation.

The average density within the cell is given by

P; = (2)

where barred quantities represent cell averages.
The rate of change of momentum in the cell is due to the pres-

sure forces acting on the cell interfaces and viscous forces acting at
the duct wall. It is given by

1/2 (3)

The rate of change of energy within the cell is due to the work
done at the cell interfaces plus the heat transferred through the duct
wall. It is given by

(4)

The governing differential equations for the gasdynamics [(i.e.,
Eqs. (1), (3), and (4)] are completed by specifying the thermody-
namic properties of the gas. For a perfect driver gas, the equation
of state is

(5)

0 032 r Rf ~i 0-3187 o o
' 2.0xl03</?*<4.0xl03 (12)

/ = i[1.8 log 10 (fle) - 1.5147] ~2, #£?>4.0xl0 3

where the Re is based on tube diameter

(13)

Note that, for the turbulent regime, a smooth wall is assumed. The
properties |0* and p* = pTVT1* are evaluated at the Eckert refer-
ence temperature (see, for example, Ref. 14, Sec. 5.12),

P* = T + 0.5(Jwall - T) + 0.22 (Taw -T) (14)

where T is the cell-average temperature, Twall is the specified wall
temperature, and

T' =AT (15)

is the adiabatic wall temperature. A compressibility correction is
applied via the factor15

(16)

For laminar flow (i.e., Re < 2.0 x 103), the recovery factor is set to
Q = (Pr)112, whereas for turbulent flow, Q = (Pr)m.
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Pressure losses due to sudden changes in tube cross section are
computed for each cell as

APlr
r r x

j + 1/2 ~~ xj- 1/2'

where

(17)

(18)

and Lloss is the length of tube over which the pressure loss is dis-
tributed. Values of KjJLloss are stored along with the cross-section-
al area for the tube. For a contraction and a diaphragm station, KL
= 0.25 is used.

Heat transfer into a gas cell is given by (Ref. 14, Sec. 5.12)

q = hnD(xj+l/2-Xj_l/2)(Tw-Taw)

where the heat transfer coefficient is

h = pCp\u\St

(19)

(20)

and the Stanton number is given by the modified Reynolds analo-
gy for turbulent flow in pipes (see, for example, Ref. 14, Sec. 6.2)

St = (21)
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Fig. 3 Pressure histories for shot 1098: a) measured pressure at
shock station 1; b) computed pressure at shock station 1; c) measured
pressure in the nozzle-supply region; and d) computed pressure in the
nozzle-supply region.

The dynamic viscosity of the gas is given by the Sutherland ex-
pression

(22)

where values of (IQ, T& and Si are set for each type of gas. The
viscosities for mixtures of gases are obtained from Wilke's16 ex-
pression. Following Ref. 6, the Prandtl number is given approxi-
mately as

20yPr = 39y-15

The pressures and velocities used in Eqs. (3) and (4) are ob-
tained by first interpolating the flow state (consisting of a set of
values for p, u, v, e, P9 and a) from the cell centers to either side of
each interface at the start of the time step and then applying the
Riemann solver described in Ref. 17 to estimate the flow states at
the interfaces during the time step. Note that this Riemann solver
does not consider area variations or chemical reactions as do the
generalized solvers in Refs. 18 and 19. However, Lappas et al.20

indicate that, in their study, a simple solver for the self-similar
Riemann problem gave simulation results that were just as good as
results produced by the generalized solver in Ref. 18.

The state of the flow on either side of each interface L and R is
interpolated (or reconstructed) from the set of cell-averaged states
by assuming a linear variation of the variables within cells. This
interpolation is performed separately for each primary variable.
For example, the density on either side of the interface (j + 1/2) is
obtained by a nonlinear interpolation (or reconstruction) using the
expressions

(24)
PL = P/ + (xj+i/2 - xj) minmod [(A-)y, (A+);]

PR = P/+I + (Xj+i/2 ~ xj+i) minmod [(A-);-+1, (A+)y+1]

where

(25)

represent two possible estimates of the slope of the density for cell
7, and Xj_i, Xp and ;c;+1 are the midpoints of the cells j - 1,7, and
7 + 1, respectively. The minmod limiter function selects the slope
with the minimum magnitude if both slopes have the same sign
and returns to zero otherwise (see, for example, Ref. 21).

Before interpolation, the inviscid boundary conditions are ap-
plied by setting up two layers of ghost cells at each of the bound-
aries. For a supersonic inflow boundary, all of the ghost cell quan-
tities are specified as fixed. For a supersonic outflow boundary, the
ghost-cell quantities are extrapolated from active cells just inside
the boundary. Solid-wall (i.e., reflective) boundary conditions are
applied by setting all of the scalar quantities in the ghost cells
equal to those in the active cells adjacent to the boundary but set-
ting the ghost cell velocities to the negative of the velocities in the
active cells. Where two gas slugs interact, data between the two
end cells of the first slug and the corresponding ghost cells of the
second slug are exchanged.

Where the gas interacts with a piston (or endwall), the bound-
ary-interface velocity u* is specified. The interface pressure P*
may then be determined from the isentropic relations that, for a
right-end boundary, give

P* = (UL. - u* (26)
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Similarly, the interface pressure at a left-end boundary is
given as

(27)D* _ /,.* TT \ _VJ___tL\ ' KP - \(u -UR) ^l/2 ^1/v

Piston Dynamics
The piston is assumed to have fixed mass, length, and frontal

area. The piston state is given by a flag indicating whether the pis-
ton is constrained, its centroid position xp and its velocity Vp. The
governing differential equations are

(28)

where PB and PF are the pressures on the back and front piston fac-
es, respectively, and Ff is the total frictional force. The frictional
force is assumed to be due to the seal near the front face of the pis-
ton. The maximum magnitude of the frictional force is

(29)

where |̂  is the coefficient of friction of the seal material on the
tube wall (taken to be 0.2), and Aseal is the effective frontal-area of
the seal.

Diaphragms
Each diaphragm model is implemented as a flag for the status of

the diaphragm (intact or burst) and a burst pressure. The effect of
the diaphragm is coded directly into the simulation as a change in
boundary conditions selected by the diaphragm's status flag. For
example, two gas slugs initially separated by a diaphragm will
have reflective boundary conditions applied at the diaphragm sta-
tion. On rupture of the diaphragm, the applied boundary conditions
will be changed to a data exchange condition.

Time Stepping
The state quantities for the piston and gas slugs are advanced

from time level n to time level n + 1 with the predictor-corrector
scheme

'dr

(i)
(30)

'dr

U (n+l)

where the superscripts 1 and 2 indicate intermediate results, and
dU/dt includes the rate of change of interface positions, cell mo-
mentum, cell energy, piston velocity, and piston position.

To maintain stability, the time step is restricted to

A* < Arrowed = CFL^signal (31)

where A?allowed is the smallest value for all cells (and all gas slugs),
and CFL is the specified Courant-Friedrichs-Lewy number. It is
normally restricted to CFL = 0.25 in the simulations discussed lat-
er. For each cell, the inviscid signal time is approximated as

A'signal = ——
Ax
a (32)

Program Validation
The computer program was checked by running simulations for

several simple gasdynamic systems. Simulations of the interaction
of a shock wave with an abrupt area change22 indicated that the
quasi-one-dimensional formulation used here could reliably cap-
ture shocks and the effect of area changes. The coupling between
the piston dynamics and gasdynamics was verified by considering
the acceleration of a piston by an effectively infinite reservoir23

and the impact of a shock wave with a light piston.24 Viscous ef-
fects were checked by simulating the flow in a low-pressure shock
tube.25 Although the correct shock speed was computed for the
low-pressure shock tube, the speed of the contact surface was not
well approximated. This is because the modeling of the boundary
layer, as discussed in the previous section, does not include mass
transfer from the core flow into the boundary layer.25'26 For esti-
mating the performance of the T4 shock tunnel in terms of nozzle-
supply pressure and enthalpy, this deficiency was considered to be
minor.

224-i

220-

t, ms

216-

Fig. 4 Space-time diagram for shot 1098; contours are equally spaced values of log P.
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Simulation Results
Three particular test cases were selected from the available tun-

nel data, and the key parameters are given in Table 2. Because the
manifold between the compressed-air reservoir and the compres-
sion tube is pressurized just before piston release, the reservoir
pressures given in Table 2 are 87.5% of the actual reservoir fill
pressures. Initial gas temperatures were set to 296 K. Shot 1098
had a very low enthalpy of approximately 3 MJ/kg but was select-
ed because absolute pressure measurements were made at a point 4
m downstream of the primary diaphragm and in the nozzle-supply
(shock-reflection) region of the shock tube. The tunnel is not nor-
mally operated at such low enthalpies with a 100% helium driver.
Shot 2499 was representative of a moderate enthalpy condition (15
MJ/kg) with reasonably high nozzle-supply pressure and a pure
helium driver. Shot 1820 had a similar enthalpy to shot 2499 and
was selected to demonstrate the increase of steady test time avail-
able when using a helium-argon mixture for the driver gas.27 Each
of these operating conditions had a nominal compression ratio of X
= 60.

The simulations were performed at several resolutions with the
highest resolution calculations having 200 cells in the compressed-
air gas slug, 400 cells in the driver gas slug, 400 cells in the test
gas slug, and 25 cells in the nozzle/test section gas slug. Pressure
estimates using half of these numbers of cells were typically with-
in 5% of the results presented here.

Shot 1098
Figure 3 shows experimentally measured and computed pres-

sure histories at two points in the shock tube. The first point
(shock-speed measuring station 1, x = 30.0 m) is 4 m downstream
of the primary diaphragm, whereas the second is located at x -
35.95 m in the shock reflection (or nozzle-supply region), a few
centimeters upstream of the nozzle throat. For the simulation, time
t = 0 corresponds to the release of the piston whereas, for the ex-
periment, t = 0 is an arbitrary point a few milliseconds before
shock reflection. The histories at shock station 1 (Figs. 3a and 3b)
show reasonable quantitative agreement between simulation and
experiment. The magnitude of pressure is well estimated for the
primary shock, but the decay rate shortly after its passage (t - 217
ms) is not so well approximated. Also, the estimated arrival time
of the reflected shock is t - 6.93 ms after the primary shock, which
is a little longer than Ar - 6 A3 ms seen in the experiment.

The agreement between the experiment and simulation for the
nozzle-supply pressure is good (Figs. 3c and 3d). The simulation
provides good estimates for the pressure following the incident
shock and the reflected shock (event I) and also captures the subse-
quent decay accurately (event II). The simulation shows a relative-
ly long period between the incident shock and the reflected shock
because of the gradual area variation used in the modeling. This
gradual area variation, as opposed to the nearly planar endwall of
the actual facility, delays the formation and propagation of the re-
flected shock. The simulation does not appear to be affected other-
wise. Approximately 2.5 ms after shock reflection, the simulation
shows a second decay in pressure (event III) due to the arrival of a
reflected expansion (undertailoring). The experimental trace
shows no sudden transition but decays by the same amount over a
2-ms period. This more gradual decay is attributed to the contact
surface being somewhat diffuse in the experiment.

Figure 4 shows contours of the logarithm of pressure in (x, t)
space. This diagram can be used to identify some of the key gasdy-

Table 2 Facility operating conditions

T4 shot
number
1098
1820
2499

Driver gas
Helium

Helium-argon
Helium

Driver
pressure,

kPa
61.6
61.6
77.0

Test gas
pressure,

kPa
450
35.0
60.0

Reservoir
pressure,

MPa
4.90
4.90
6.21

Diaphragm
rupture

pressure,
MPa
57.0
57.0
71.2

a)

b)

c)

d) t, ms

Fig. 5 Pressure histories for shot 2499: a) measured (combined) pres-
sure at shock stations 1, 2, and 3; b) computed pressure at shock sta-
tions 1,2, and 3; c) measured pressure in the nozzle-supply region; and
d) computed pressure in the nozzle-supply region.

namic features and their interactions. Note the curvature of the tra-
jectories of both the primary shock and the contact surface. The
decay in contact surface speed is enhanced by the lack of mass
transfer into the boundary layer. Also, because this particular con-
dition is undertailored, the contact surface propagates back up the
shock tube after interacting with the reflected shock. The expan-
sion from this interaction can be seen arriving at the nozzle-supply
region at t - 222.5 ms (event III).

Shot 2499
For this shot, the pressure histories shown in Figs. 5a and 5b are

a little difficult to interpret. The experimental trace was obtained
by electrically joining the pressure transducers at shock stations 1,
2, and 3. The trace is a combination of the pressure histories at
these locations and can only be used to obtain timing data. The
simulation trace (Fig. 5b) was obtained by adding the pressure his-
tories at each of the stations. Comparison of the timing events is
again good for the incident shock but degrades somewhat for the
reflected shock, especially at later times. This is not seen as a
major defect of the code since most of the interesting gasdynamic
processes (with respect to facility performance) are over shortly
after shock reflection. Table 3 shows the incident shock speeds es-
timated for the simulation and the experiment. The shock speeds at
x = 31, 33, and 35 m are average speeds based on the arrival times
at shock stations 1, 2, and 3 and the nozzle-supply region. The ini-
tial simulation shock speed appears high but is within 4% of the
ideal value. It then decreases rapidly and agrees closely with two
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out of three of the experimental results. The disagreement may be
caused by different arrival times for the waves propagating from
the driver. These waves are discussed later.

The simulation of nozzle-supply pressure is fairly good (refer to
Figs. 5c and 5d) although there are a couple of distinct features in
the computed pressure trace that are not seen in the experimental
trace. Again, the decay in pressure due to undertailoring (event III)
can be seen clearly in the simulation but not as clearly in the exper-
imental trace. The pressure values before and after this event agree
well. Refer to the figure for actual values.

A second obvious feature in the simulation trace is the large
spike in pressure at shock reflection (event II). The experimental
trace shows no such spike. Further information can be obtained
from the (x, t) diagram (Fig. 6). The shock speed over the last 2 m
of the shock tube is fairly constant at 3754 m/s (Ms — 10.9).
Assuming a quasisteady flow of air in chemical equilibrium, a
post-incident shock pressure of 8.9 MPa and a shock-reflection
pressure of 93.7 MPa can be estimated.28 These values indicate
that shock-reflection pressures should be quite high and that, in
having a peak pressure of approximately 80 MPa, the simulation is
self-consistent.

Prior to rupture of the primary diaphragm, the compression
waves have coalesced into a weak shock (M - 1.02) that bounces
between the piston and the endwall of the compression tube
(Fig. 6). It is one of these bounces that triggers the simulated rup-
ture of the diaphragm. This diagram also shows the source of the
oscillations on the pressure trace at shock stations 1, 2, and 3 (Fig.
5). These oscillations are due to a wave, initiated at primary dia-
phragm rupture, bouncing between the piston and the endwall of
the compression tube. With each reflection from the endwall of the
compression tube, there is a partial transmission into (and propaga-
tion along) the shock tube. One of these waves transmitted into the
shock tube arrives shortly after shock reflection (event II) and
causes a sudden decrease in nozzle-supply pressure (down to the
levels seen in the experimental trace). Thus, it is postulated that
these waves are part of the reason that actual shock tunnels provide
lower nozzle-supply pressure than quasisteady analysis would esti-
mate.

In an attempt to separate the viscous losses in the shock tube
from the effects of the waves from the driver, the simulation was
restarted just before diaphragm rupture and run without viscous
losses. The pressure history in the nozzle-supply region for this in-
viscid simulation was similar in form to that for the viscous simu-
lation but had pressures of 78 and 60 MPa before and after event
III, respectively. The value of 78 MPa is significantly larger than

the viscous result (55 MPa) but is still well below the ideal shock-
reflection pressure of 206 MPa.

The computed histories of enthalpy and temperature in the noz-
zle-supply region are shown in Fig. 7. As expected, the relative
fluctuations in enthalpy (and temperature) are significantly smaller
than the pressure fluctuations. Also, the peak value of enthalpy is
consistent with the quasisteady estimate of 15.4 MJ/kg.

The (x, t) diagram also gives some information on the piston dy-
namics. Noting the piston position at the time of primary dia-

Table 3 Shock speeds for shot 2499

a)

b)

x, m
26
31
33
35
36

Simulation,
km/s
5.45
4.35
4.08
4.00
3.75

Experiment,
km/s

4.36
4.03
3.79

zu
18
16
14
12
10
8
6
4
2
r»

' I

II
—— ̂ -̂ " ——— —— — - — — ____—- —
III

ir
196.0 198.0

198.0

Fig. 7 Enthalpy and temperature histories in the nozzle-supply region
for shot 2499: a) enthalpy and b) temperature.

contact surface-

197

Fig. 6 Space-time diagram for shot 2499; contours are equally spaced values of log P.
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Fig. 8 Pressure histories for shot 1820: a) measured (combined) pres-
sure at shock stations 1, 2, and 3; b) computed (combined) pressure; c)
measured pressure in the nozzle-supply region; and d) computed pres-
sure in the nozzle-supply region.

phragm rupture (t = 0.1937 s), one sees that the length of the driver
gas slug is 0.365 m, which corresponds to an actual compression
ratio of 70. This is slightly higher than the nominal value of 60 be-
cause of energy losses during the latter part of the compression
process. At rupture, the speed of sound in the driver gas varies
linearly from 3305 m/s at the front face of the piston to 3915 m/s
near the diaphragm station. The temperature varies from 3155
to 4427 K. This can be compared with the ideal (isentropic) value
of 4543 K for K = 60.

During the compression process, the maximum piston speed
was 182.2 m/s at t = 0.1657 s and xp = 20.67 m. At this instant, the
energies of the helium driver gas and the piston are 0.291 and
1.527 MJ, respectively. Approximately 10 jis before rupture, the
piston has moved to xp = 25.40 m and has a velocity of 89.6 m/s.
At this point, the energy of the driver gas has increased to 1.495
MJ, whereas the kinetic energy of the piston has decreased to
0.369 MJ. Over the last 4.73 m of the compression stroke, the
pusher gas near the piston has a (roughly) constant pressure of
1.165 MPa and does 0.227-MJ work on the piston. Given the
1.204 MJ energy increase in the driver gas, there has been a loss of
0.181 MJ or 13% of the total energy exchange during this part of
the stroke.

Shot 1820
Taking conditions similar to shot 2499 and using a driver gas

that is 10% argon by volume (and 90% helium) results in a nozzle-
supply pressure that is much steadier over the millisecond test pe-
riod (compare Fig. 8c with Fig. 5c). This operating condition is al-
most tailored. With a fairly constant supply pressure, secondary ef-
fects can be identified. Note the shallow dip in pressure shortly
after shock reflection. This feature appears consistently for these
conditions and for the equivalent conditions with 5-mm
diaphragms29 and is similar to the dip observed but not explained
by Eitelberg et al.2 In the simulation, these dips are exaggerated
and persist for a larger time. Referring to the (x, t) diagram (Fig.
9), the dips in nozzle-supply pressure are seen to be coincident
with the arrival of waves from the driver.

Other features in the simulated pressure history that need some
explanation are the following:

1) The computed pressure levels that are approximately 10%
higher than the experimentally measured levels.

2) The spike at shock reflection (event II): This has the same
cause as the spike seen in the simulation of shot 2499.

3) The small glitch near the minimum of the first dip (event III):
This glitch is the arrival of the signal from the reflected-shock/

219

t, ms

215 -

214

Fig. 9 Space-time diagram for shot 1820; contours are equally spaced values of log P.
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Fig. 10 Enthalpy and temperature histories in the nozzle-supply
region for shot 1820: a) enthalpy and b) temperature.

contact-surface interaction. There is a small numerical artifact at
the contact surface (which is a remnant of an error generated with
the rupture of the primary diaphragm), and this pressure distur-
bance (at event III) is an echo from that artifact.

4) The sudden nozzle-supply pressure drop at t - 219.8 ms: This
is caused by a lack of resolution when the driver gas cells reach the
nozzle throat. Increasing the resolution delays this drop but does
not affect the pressures estimated at earlier times.

The sensitivity of the nozzle-supply pressure to the fraction of
argon in the driver gas was checked by running an equivalent sim-
ulation with a 15% argon mixture. The increase in argon fraction
resulted in very little change in the average level of Ps during the
test time but did result in a slightly lower rate of decay. Also, the
period of the oscillation was slightly increased.

To complete the discussion, computed histories of enthalpy and
temperature in the nozzle-supply region are shown in Fig. 10. As
for shot 2499, the fluctuations in enthalpy are significantly smaller
than the estimated fluctuations in pressure.

Concluding Remarks
The results presented here show that quasi-one-dimensional

modeling of free-piston shock tunnels is an effective way to obtain
facility performance data. Although this paper has focused on the
T4 reflected-shock tunnel, the modeling is generic and may be ap-
plied to other facilities.

Of course, improvements can be made to the basic scheme. In
particular, the present Lagrangian scheme has no mechanism for
mass transfer through the boundary layer or by turbulent mixing at
the contact surface. Addressing this problem would allow better
estimates of the contact surface trajectory, the amount of uncon-
taminated test gas available after shock reflection, and the pressure
history for undertailored (or overtailored) operating conditions.
Also, the modeling of a sudden contraction by a gradual change in
area can lead to problems, especially in the situation where the pis-
ton approaches close to the end of the compression tube. Lastly,
the efficiency of the simulations could be greatly enhanced by
making the discretization solution adaptive.
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