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ABSTRACT

High-speed wind tunnels rely on high-pressure driver systems, often involving free-moving pistons, to achieve hypersonic velocities at high-
enthalpy conditions. Modeling of the whole system, starting from the piston, is needed to predict the thermochemical state of the flow in the
test section. Traditional Lagrangian methods, while effective for tracking piston dynamics, are more computationally expensive and more
algorithmically involved than Eulerian approaches. To address these limitations, a novel Eulerian-compatible split-cell scheme has been
developed, allowing piston tracking within a unified finite-volume framework. The method relies on a local remeshing strategy and is applica-
ble to both implicit and explicit time advancing schemes. The performance of the free-piston model derived in this work is evaluated by inte-
grating it into HYQID (Hypersonic Quasi-1-Dimensional) code and simulating parts or the entirety of the UQ-T4 (University of
Queensland’s T4 tunnel) and DLR-HEG (German Aerospace Center — High Enthalpy Shock Tunnel Gottingen) facilities. The results of the
tracking algorithm are verified through two different tests: the Jacobs (1998)’s test case [P. A. Jacob, “Shock tube modelling with 11d,”
Technical Research report 13/98, The University of Queensland (1998)], and the second is a comparison with the L1d code on the UQ-T4
simulations. Furthermore, the code is also validated against experimental results from a now archived shot condition (n. 51) of the DLR-HEG
facility. These findings confirm that this approach provides a robust solution for simulating free-piston shock tunnels under realistic test con-
ditions while maintaining compatibility with existing Eulerian fluid dynamics tools.
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I. INTRODUCTION

Hypersonic and supersonic aerodynamic wind tunnels are com-
posed of several components, working in series with the goal of
accelerating the flow from an initial quiescent state to the final
desired conditions in the test section. Two of the most common
methods for achieving very high velocity and enthalpy conditions
involve either the use of an initial detonation or a high-pressure res-
ervoir acting on a free-moving piston, both of which enable the oper-
ation of the facility.

In general, a hypersonic shock tunnel consists of three main com-
ponents. The first is the driver tube, which is charged at high pressure.
The second component is a shock tube that is charged at low pressure.
A diaphragm typically separates the two tubes and, when it is ruptured,
a shock wave is driven down the shock tube. This shock wave com-
presses and accelerates the gas toward a nozzle.

The nozzle is the third fundamental part. The gas, arriving with
very high energy in terms of temperature and pressure, is expanded in
the nozzle to reach the desired Mach number in the test section, which
is located at the nozzle’s exit.

The use of a free-moving piston is common for compressing air-
flow in hypersonic wind tunnels to provide the high-pressure driver
gas. Numerous facilities utilize this method, including UQ-T4
(University of Queensland’s T4 tunnel).” Other facilities that use this
method are German Aerospace Center — High Enthalpy Shock Tunnel
Gottingen (DLR-HEG),”* JAXA-HIEST,’ and Caltech-T5.°

In general, the piston can be seen as a moving boundary that
needs to be tracked. In this scenario, different moving boundary for-
mulations are developed in cut-cell methods.” Peskin’s classical
immersion boundary method® was originally developed to simulate
the dynamics of cardiovascular fluids, which involves elastic and
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muscular boundaries. In this approach, the elastic boundary is repre-
sented by introducing an external force field into the governing fluid
motion equations. Since Cartesian grid nodes typically do not align
precisely with the immersed boundary, the forcing terms are distrib-
uted over several neighboring grid cells using smoothed delta
functions.

Different variations of the immersed boundary method have
demonstrated robustness in handling moving boundary problems.”'’
A direct forcing variant of the immersed boundary method, intro-
duced in Ref. 11, treats the boundary as a sharp interface. In this for-
mulation, the forcing terms are incorporated into the discretized
equations and are derived by applying boundary conditions directly at
the discrete level.

Beyond the immersed boundary framework, multiple sharp inter-
face techniques have been developed to handle moving boundaries.
These include finite-difference methods,' >’ the ghost  fluid
method,*'” and the immersed interface method.'*"”

Specifically, on piston-tracking, various models have been devel-
oped to simulate a free piston-driven shock tunnel, often employing a
Lagrangian approach to track piston movement along the compression
tube.'**’ Using the Lagrangian philosophy, fluid particles are tracked
along their trajectories, which integrates seamlessly with tracking algo-
rithms. However, for fluid dynamic simulations of extended control
volumes, the Eulerian approach is typically preferred. This method
focuses on the evolution of flow properties within the control volume,
observing the fluid behavior as it develops. Fluid dynamic tools
designed for continuous conditions often adopt the Eulerian frame-
work, as the Lagrangian approach has inherent limitations, despite its
benefits in conserving mass and momentum and providing detailed
particle-level information. Severe grid deformation under the dynamic
conditions of a shock tube can necessitate frequent remeshing, increas-
ing computational cost and complexity. Specifically, free-piston shock
tunnels typically include area changes and orifice plates to optimize
piston dynamics and constrain mass flow near the diaphragm.
Simulations with insufficient resolution can fail to capture these fea-
tures, leading to nonphysical results, which is particularly problematic
when designing real test conditions.

Although Lagrangian methods excel in capturing detailed particle
dynamics, they can be computationally expensive compared to
Eulerian approaches, especially in highly dynamic or large-scale sys-
tems.”’ Alternatively, separate tools are sometimes used to track the
piston motion using a Lagrangian approach while simulating the fluid
dynamics in the rest of the facility with a Eulerian method.

To overcome these limitations and enable detailed investigations
of this type of facility, while incorporating the capability to track the
free piston using an Eulerian approach, a hybrid method was devel-
oped. This method integrates a tracking algorithm that is compatible
with and easily implementable in existing Eulerian fluid dynamic tools,
enhancing them with piston-tracking functionality.

The developed Eulerian-compatible split cell scheme eliminates
the dependency on a Lagrangian approach, enabling the simulation of
all components of the facility within a unified framework, as demon-
strated in Secs. [V A and IV B.

1. SUBGRID FREE PISTON MODEL

In the context of a finite-volume method, the presence of an
external object moving through the domain presents challenges,

ARTICLE pubs.aip.org/aip/pof

especially when aiming for a globally conservative formulation and a
global control domain that does not change in size over time.

To overcome these difficulties, the piston was modeled as an
interface with no spatial extent. This interface moves through the com-
putational finite-volume cells, splitting any cell it passes through into
two subcells. A subgrid model was developed to represent the behavior
of the piston within a specific cell, with two main objectives: to simu-
late the dynamics of the piston and to capture the fluid behavior within
standard finite-volume cells.

To achieve the previously stated goals, a subgrid model was devel-
oped. This model is based on the splitting of a cell into two subcells at
the piston interface (shown in Fig. 1).

The two subcells originating from this cell-splitting result have
one interface moving at the piston velocity because one of them inter-
faces being the piston interface.

To describe the fluid dynamics of the two subcells using a conser-
vative formulation, a new set of Euler equations extended to the case of
control volumes in motion with a generic velocity was derived in
Sec. [T A.

The other goal, reproducing the piston dynamics, is achieved
based on mechanical considerations. We are describing a freely driven
piston, so its motion is determined by the forces acting on it. Refer to
the free-body diagram in Fig. 2, which is presented in the context of
d’Alembert’s principle:***

. Ax .
j—1 J J+1
'LLQ—O: ug = Up EUQZO
J—1 Jp, | JPg j+1

A%pL AZEPR l

FIG. 1. Cell splitting submesh following the instantaneous piston position (vertical
red line): Ax is the baseline mesh width, Axp, and Axp, are left and right subcell
width, jp, and jp, is the left and right subcell index.

FPT&?

Tp, Up, ap

——

FIG. 2. Free body diagram of the piston: £ is the total pressure force acting on
the piston, Fy; the friction force, F,, the brakes force and mya, is the inertial accel-
eration and x,, Uy, a, are respectively, the position, the velocity and the accelera-
tion of the piston.
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Fpres - F_fri — Fpra = mpap, (1)

where Fs; = pF) and Fprs = (pp, — pry ) Ap-

Here, Fys is the pressure force, Fy; friction force, m, piston
mass, d, piston acceleration, F, force acting perpendicular to the sur-
face, p;, pressure on the left face of the piston, pg pressure on the right
face of the piston. Considering that the piston area (Ap), friction coeffi-
cient (), and the brake force (F),,) are characteristic parameters of the
specific facilities, to evaluate the acceleration of the piston, we need to
know the pressure on the faces of the piston. In this context, they rep-
resent a cell interface for the sub-grid cell. By integrating the conserva-
tion law derived in Sec. II A, we obtain the conservative variables in the
cell centers and from them, the primitive variables at the cell centers.
However, we need the pressure on the cell interface, which was
achieved by solving a half-Riemann problem, on the reconstructed var-
iable, on the piston faces (set-up and resolution explained in Sec. II B).
Once the pressure differential on the piston is obtained, we have all the
necessary information to calculate the acceleration of this component
at the current time step (tV).

To close Eq. (22) and to evaluate the piston’s kinematics and its
position at time N1 = N 4 At, we need to calculate the new position
(xPN+l)'

Starting from the definition of acceleration, a, = %, and using a
first-order forward finite difference approximation, we can express

N+1 N
ay = u. )
? Atngw

Following the same approach, we can express UN*! and UV
using the definition of velocity U, = %. Applying a backward discreti-
zation, we arrive at Eq. (3)

R N St
11:1 _ _Atvpw Atorp ’ 3)
Atnew

a

where AtOLD =N —N-Tand AtNEW = N+ N,

The equations now derived, along with Eq. (2), are expressed in
terms of xY™! and UN*! in Egs. (4) and (5), thus closing the model
and fully capturing the kinematic behavior of the piston providing the

position and velocity of the piston.

U;’H = all,\]AtNEW + UV, (4)
At At
N+1 N A2 N NEW N—1 DINEW
x =a, At x |1 — —_— 5
4 P New + P( + AtOLD) P Atorp ®)

Up to this point, the model allowed us to track both the piston
and the fluid behavior within a specific cell. However, when the piston
approaches a face, certain issues arise. If this model is used with an
explicit time integration approach, we must satisty the Courant-
Friedrichs-Lewy (CFL) condition, which in this case is imposed as

A
At = CFL =X

max

where S, is the maximum wave propagation speed
Smax = max(a + |u|)7

and only in this context, a is the speed of the sound in the medium.
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It becomes evident that as the piston moves, it reduces the size of
the subcell ahead of it while expanding the size of the one behind it.
The subcell that decreases in size requires, according to the CFL condi-
tion, a progressively smaller time step. As Axg_cn — 0, this leads to
At — 0, eventually causing the code to stall.

To overcome these difficulties, a local remeshing mechanism
(explained in Sec. I C) was developed to retain Axp, , above a certain
minimum trigger value, Axyyj,, with the aim of making this model
applicable in a CFD code using explicit time integration.

A. Quasi-1D Euler equation for control volume
deforming with a generic velocity

Here, the derivation is presented only for the Euler equations
because they affect the time derivative of the conservative laws.
Therefore, the derivation remains unchanged even if source terms are
added to the set of equations under consideration. Similarly, no differ-
ences will be found between the derivation of the continuity equation
and the conservation balance for the i-th species in a multicomponent
fluid model, so only the first one was shown.

Starting from the differential conservative form of the Euler equa-
tions, presented and derived in Ref. 24, we can analyze the balance of
mass, momentum, and energy

dp

a(g:) LV (pvv 4 pI) =0, @)
%-FV'((E-FP)V):O, ®)

where I is the identity matrix, p (kg/m3), p (Pa), and v (m/s) are the
fluid density, pressure, and velocity, respectively, and E is the total
energy per unit volume (J/m®): E = p( [v|* + e), with e being the spe-
cific internal energy (J/kg).

We can integrate the presented equations on a generic control
volume that moves with a generic velocity, as illustrated in Fig. 3. This
velocity may differ from the velocity of the fluid.

[ %dV—i-#) pv-ndS =0, 9)
Jaw Ot 20(1)

FIG. 3. lllustration of a generic non-stationary 3D control volume with prescribed
velocity field va (X, y, z,t) (in red) describing the control surface dQ(t) and control
volume Q(t) motion and deformation. The Eulerian flow velocity is v(x, y, z, t).
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J Apv) s +EF (pw+pl)-ndS=0,  (10)

Q(f) ot 0Q(t)

J @‘N*% ((E4+p)v) -ndS=0. (11)
am Ot oQ(t)

From this formulation, it is clear that the motion and shape
changes of the control volume do not allow the integration operation
to be interchanged with the temporal derivative. To address this, the
Reynolds transport theorem,” as reported in Eq. (12), was used.

dj J of (x,t) dx
A fwndv= | 2=Y Gy )X nds, (12)
dt Q(t)f( ) ap Ot aQ(r)f( )dt

where f(x, t) is the vector or scalar function to be integrated, which in
our case will be p, pv, or E. Here, x is the coordinate of a point within the
control volume, and the temporal derivative of x will be denoted as vq.

The derivation procedure is the same for each equation; thus,
only the derivation of the energy equation is detailed.

Starting from Eq. (11), we can add and subtract at the left-hand
side the following term: 3%9( yEva - ndS. Now applying the Reynolds
transport theorem, we arrive at the form:

EJ EdV+i# (E(v —vgq) +pv) -ndS = 0.
dt Jo a0(1)

With the complete integral 3D set of equations which, in accor-
dance with Refs. 26 and 27, became

i
—J pdV—O—EF p(v—vq) -ndS=0, (13)
at Jog 20(t)

EJ pvdV—Q—i; (pv(v—vq) +pI)-ndS=0, (14)
dat Joq a0(1)

EJ EdV—O—iF (E(v —vg) +pv) -ndS = 0. (15)
at Jog a0(1)

Now, the resulting equations are simplified in the case of a quasi-
1D approximation, which means that the control volume can change
its area, and the fluid properties vary only in the x-direction.

In the following consideration to pass from the 3D equation to
quasi-1D ones, we will use the general control volume shown in Fig. 4.

We can rewrite the fluxes in each equation by explicitly express-
ing the surface integrals over each surface of the control volume and
considering the volume differential as: dV = dAdx. In compact form,
we have

EJ pdAderJ p(V—vq) m,LdS=0, (16)
dt Jor Si24(6)

d

—J pvdAdx + J (pv(v—vq) +pI)-n,1.dS=0, (17)
dt Jor) Si20(6)

EJ EdAdx + J (E(v—=vq)+pv) n,1dS=0. (18)
dt Q1) Sian(t)

Now we can integrate on the area the first integral in the equa-
tions and for the second integral we can applying the scalar product
and do the surface integrals arriving at the quasi 1D form of the start-
ing equations.

pubs.aip.org/aip/pof
ny,
A
A
! T o
M Juo o

A

ny,

1 (t) 2(t)

FIG. 4. Quasi one-dimensional control volume analysis with left (1) and right (2)
boundary moving with prescribed velocity uq(x,t). The Eulerian flow velocity is
u(x,t). n is the unit vector normal to the control surface, the A is the area of the
surface and x represent the longitudinal coordinate.

d

—J pAdx = —|p(u — uQ)AK?Eg, (19)

d 0] (1)
EL(OPVA dx = —|(pu(u — ug) + ALY —pla2Y,  (20)

ij EAdx = —|(E(u — uo) + pu)A[2®), 1)
dt x(t) (o)

where u and uq represent the x component of fluid velocity and con-
trol volume velocity, respectively, and a linear area variation is consid-
ered within the cell.

To integrate the obtained equation in time, it is necessary to deter-
mine how to evaluate the time integrals on the right-hand side. This
choice will define the time scheme of the method employed. The simplest
approach is to assume that the fluxes remain constant during the integra-
tion, which corresponds to using an explicit first-order time discretization.

In the context of the control volume method, where j denotes the
center of the cell and j * 1 represents the cell interfaces, we now pre-
sent Eq. (22), which we aimed to derive and is used in the model
described in this manuscript. This equation differs slightly from the
one presented in Ref. 26, as no approximation is made to avoid having
the control volume dimension at #N*! on the right-hand side. This is
because, by expressing the piston coordinate law as shown in Eq. (5),
the resulting calculation remains explicit.

N AN At At

N+ _ N N N
U = U A~ A ( it FJ’*%) T AN 5 @2
where
1 J'Xz(f)
— pAdx
Ax xi(t) |p(u7uQ)A|JI»\{_F;
N 1 % (1) N ’ N
U = WJ ()vadx Fi= |(pu(u —uq) + p)Aljss
x(t
| |(E(u— uq) + p)ALY,
— EAdx
AxN Jxl(f)
0
and S = | pj(Aj1—A)
0
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uU—a lu=Up

space

FIG. 5. Schematic of a one-sided Riemann problem driven by a piston of given
velocity Up.

To complete the model in the equation, a viscous treatment
model is implemented through a source term, and is more detailed in
Sec. 1D

B. Riemann problem on the piston faces

To compute the fluid dynamic variables at the piston interface, a
half Riemann problem was solved. The piston interface imposes its veloc-
ity on the adjacent fluid, and this boundary condition was enforced by
aligning the piston interface with the second family wave, which travels
with the fluid’s Eulerian velocity and arises from the flow discontinuity.

In more detail, we consider the case of the piston moving to the
right, focusing on the fluid on its left side (the other cases are treated
symmetrically).

Figure 5 illustrates the problem setup, where the second family
wave coincides with the piston face, dividing the phase plane into two
regions. In this case, the left reconstruction from the cell center of the
piston semi-cell to the wall represents the state on the left of the first-
family wave. With this known state and the piston interface velocity,
calculated using Eq. (2), an appropriate Riemann solver can determine
the pressure and other fluid dynamic variables in the zone between the
first and second family waves, which coincide with the fluid dynamic
variables at the piston face.

C. Local remeshing algorithm

As previously mentioned, in the context of explicit time discreti-
zation, a remeshing mechanism is necessary to overcome the issue of
decreasing size in one of the two subcells. The purpose of this section
is to present a remeshing mechanism capable of retaining Axp, , above
a certain minimum value, Axy.

The routine consists of two primary remeshing phases. Initially, it
locally adjusts the mesh where the small-width problem occurs. The
second phase, after a certain spatial margin from the critical condition,
restores the original mesh.

The two steps of the routine are discussed with the representation
of the first step shown in Fig. 6 and the second in Fig. 7. In the illustra-
tions, the piston interface is shown in red, and the mechanism is dem-
onstrated with the piston moving from left to right. The case of
opposite velocity exhibits a completely mirrored mode of operation.

1. First remeshing step
The routine begins when the calculated piston position from Eq. (3)
does not guarantee the minimal value of Axp, ,. Mathematically,

ARTICLE pubs.aip.org/aip/pof
. A{L’ : AIB 1
: Amt'r'ig %—'i—_': :
E E AxPL A:UPR E
E Azp, : Azgp :

FIG. 6. First remeshing step. Axg, ,, is the remeshed cell dimension, Axp, , is the
dimension of the left/right piston subcell, Ax is the baseline mesh width and Ax;;,
is the cell width that triggers the remeshing mechanism.

A.TRL ! AIRR

i ! AmPL AZPR :

: Ax Ax :

FIG. 7. Second remeshing step. Axg, , is the remeshed cell dimension, Axp, , is
the dimension of the left/right piston subcell, Ax is the baseline mesh width and
AXyrig i the cell width that triggers the remeshing mechanism.

this condition is expressed as Axp, < Axyj, (as shown in the upper
part of Fig. 6). At this point, the routine resizes the right cell to
incorporate the piston interface, ensuring that the distance between
the piston interface and the neighboring cell interfaces is greater
than Axyj, (condition illustrated in the lower part of Fig. 6). The
remeshed cell dimension became: Axg, , = Ax+2Axy;.
2. Second remeshing step

Once the first phase is completed, the routine activates the possi-
bility to trigger the second remeshing phase. As the piston con-
tinues its motion, it moves further away from the left interface of
the cell in which it is located, with Axp, increasing, as shown in
the upper part of Fig. 7. Eventually, the piston reaches a position
that would have been acceptable for the previous mesh configu-
ration, a condition mathematically expressed as Axp, > 3Axi;.
When this condition is met, the trigger for the second remeshing
phase is activated, and the mesh is reshaped to its original
dimensions, as illustrated in the lower part of Fig. 7.

D. Viscous losses treatment

In this work, viscous effects are not directly considered in the
conservation equations; however, some of them are modeled by source
terms added to the conservation equations.
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TABLE |. Parameters for ideal piston test case from Jacobs (1998) data.’
I1C.:Y; I.C.: p (kPa) L.C.: T (K) Length (m) Diameter (m)
Behind the piston Ideal gas 100 348.4 12 0.01
Xposition (M) Width (m) m (kg) U
Piston 4 0.01 0.001 0

A force was added to the left-hand side of the momentum equa-
tion to account for the friction force exerted by the wall on the fluid
(F,an), and a second force was included to account for losses due to
rapid area changes (Fys).

Similarly, a heat flux (q) was subtracted on the left-hand side of
the total energy equation, representing the heat transfer between the
fluid and the wall.

A comprehensive model to calculate the contributions of F,,q
and F), is presented in Refs. 1 and 18 and is reported in the Appendix
for the convenience of the reader.

lll. VERIFICATION OF THE PISTON TRACKING
ALGORITHM

In this section, we evaluate the developed piston-tracking algo-
rithm by reproducing the test in Sec. 3.2 of Jacobs (1998)," which sim-
ulates the motion of a light piston driven by a finite-length reservoir.
The results obtained in this study, after a mesh convergence analysis,
will be compared with the ideal solution for an infinitely long tube and
with the results reported in the aforementioned work.

The test case was carried out by setting the conditions listed in
Table I behind the piston interface and imposing a vacuum condition
above it.

The piston trajectory, expressed as velocity vs position, will be
considered for all subsequent comparisons and analyses, as it effec-
tively encapsulates the key kinematic results of the tracking algorithm.

First, a mesh convergence study was conducted, as shown in
Fig. 8, to identify the converged solution. The study employed the
RRMS (Relative Root Mean Square) error with respect to the ideal ana-
Iytical solution for an infinitely long tube' as the convergence criterion.
As expected, the RRMS error decreases with increasing cell count,

—Jacobs1998

°© [ ) ) ) o

0 100 200 300 400 500
n. cells

FIG. 8. Mesh convergence study.

reaching convergence at approximately 200 cells, beyond which further
refinement does not significantly affect the error.

Figure 8 also presents the RRMS error relative to the computa-
tional solution obtained by Jacobs." The results from this work, using
the aforementioned 200-cell resolution, exhibit a slightly lower RRMS
error compared to Jacobs’ solution.

To verify the solution obtained with the tracking algorithm, we
plot the converged solution on a V-x plane in Fig. 9, overlaying it with
the results from Jacobs’ work' and the ideal analytical solution for an
infinitely long tube. The solution obtained in this study closely matches
that of Jacobs, which deviates from the ideal case due to the finite
length of the tube considered in the simulations. The strong agreement
between the two computational results confirms the accuracy of the
tracking algorithm developed in this work.

IV. PISTON-DRIVEN SHOCK TUNNEL SIMULATIONS

In this section, the performance of the free-piston model derived
in this work is evaluated by integrating it into the HYQ1D code™ and
simulating parts or the entire UQ-T4 and DLR-HEG facilities. A sche-
matic representing the facility discretization as implemented in the
code is presented in Fig. 10.

A. UQ-T4 tunnel

Here, the results are presented for the UQ-T4 facility.

The condition simulated is one that produces a Mach 5.1 flow at
a total enthalpy of 10MJ/kg and a unit Reynolds number of
3% 10°m ™ at the exit of the nozzle.”” The geometry used in the simu-
lations is taken from Refs. 18 and 30.

250
200
7 150
g
A
2 100
50 ’a —ideal solution
+ -+Jacobs1998
t actual results
O L
3 4 8 6 7 8 9 10 11

X [m]

FIG. 9. Piston trajectory comparison. The ideal solution is shown (red line), while
results from our HYQ1D code (yellow) match Jacob’s 1998 data (symbols).
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FIG. 10. Typical piston driven wind tunnel configuration.
TABLE Il. UQ-T4 wind tunnel data.'***
Reservoir Compression Shock Nozzle Constant area Nozzle

tube tube convergent throat divergent
Cells
number 250 300 500 50 50 350

The tunnel mesh was organized and subdivided into macro-
pieces, as shown in Fig. 10. For each section (e.g., reservoir, compres-
sion tube, etc.), a given number of cells was chosen, as listed in
Table II.

The number of cells for each section was decided after a series of
simulations that analyzed mesh convergence. Since this work deals
with the piston tracking algorithm, special attention was paid to those
sections where the piston has the greatest influence. Specifically, since
the parts of the facility after the compression tube are completely iso-
lated until the first diaphragm ruptures, the piston dynamics before
this event are primarily determined by the fluid dynamics in the reser-
voir and the compression tube. Figure 11 shows the mesh convergence
study for these sections.

The parameter used in this study is the relative error of the rup-
ture time of the first diaphragm compared to that obtained with the
L1d code. The analysis shows a good agreement between the results
obtained in this work and those obtained with L1d, reinforcing the ver-
ification of the developed algorithm’s results.

With the verification study established, we now examine the solu-
tion. All the peculiar characteristics of the UQ-T4 functioning become
evident from the logarithm (base 10) of the pressure shown in Figs. 12
and 13. Taking into account the spatial distribution of the entire wind
tunnel section, as reported in Table I1], we can observe how the pres-
sure differential across the piston causes its movement and how this
generates an expansion wave behind it and a compression wave in
front of it. These waves reflect on the left wall (for the expansion wave)
and on the first diaphragm (for the compression wave), and this mech-
anism continues until the pressure is high enough to burst the first
diaphragm.

It is also visible that, at each area reduction, for example, from
the reservoir to the compression tube, there is a rapid expansion of the
fluid, as expected. As the piston approaches the first diaphragm, the
fluid on its right side becomes increasingly compressed, and at a cer-
tain point the acceleration of the piston starts to decrease, eventually
becoming negative.

When the pressure is sufficient to burst the diaphragm, the piston
is almost stationary, experiencing a high negative acceleration that ini-
tiates a backward motion. Once the diaphragm bursts, a shock wave
appears at the interface between the highly compressed gas in the com-
pression tube and the gas in the shock tube. This shock reaches the sec-
ond diaphragm in almost 2ms. First, it reflects off the secondary
diaphragm, which instantly bursts due to the high fluid pressure,
reaching its peak value, and initiating the expansion into the
convergent-divergent nozzle.

It is important to note that an oscillation in the shock tube begins
after the rupture of the primary diaphragm and is convected forward
until the reflected shock clears it upon returning. This oscillation,
which is also present in the active chemistry case, can be better
observed in the zoomed-in image shown in Fig. 15(b). It is likely the
result of instantaneous contact between two gases with a strongly dif-
ferent specific heat ratio:’ the driver gas and the air that fills the shock
tube. This issue appears to be a common problem, as it has been

Relative error on the first
diaphragm rupture time [%]

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
N/Nmaz

FIG. 11. Mesh sensitivity analysis. N represents the total mesh cell count, while
N,ax denotes the maximum number of cells used in this study.
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FIG. 12. x — t diagram showing wave phenomena for the data in Table |II. Test case without chemistry.
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FIG. 13. x — t diagram showing wave phenomena for the data in Table IIl. Test case with active chemistry model.
TABLE lIl. Grid resolution for each wind tunnel section.
I.C:Y; L.C.: p (kPa) I.C.: T (K) Length (m) Diameter (m)
Reservoir Air 5600 300 4.87 0.4414
Compression 0.9He-0.1Ar 115 300 26 0.229
Shock tube Air 40 300 10 0.076
Nozzle Air 0.067 300 1 0.279
xposition (m) Wldth (m) m (kg) 1% pburst (MPa)
Piston 0.235 0.37 90.05 0.2
Diaphragm 1 26 60
Diaphragm 2 36 1
studied in the literature, and a solution has been proposed using a Looking at Fig. 12(b), the temperature resulting from the post-
modified form of the AUSM solver.”*”” Future work should prioritize shock conditions in the shock tube reaches values that, for the pres-
the integration of this solution into the HYQ1D code. However, this is sure range considered, exceed the lower bound for chemical reac-
not a priority for this work, which focuses on developing the piston tions to start occurring in significant amounts. This is particularly
tracking algorithm. true when the shock impacts the second diaphragm, where it is
Phys. Fluids 37, 036126 (2025); doi: 10.1063/5.0255887 37, 036126-8
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FIG. 14. x — t diagram showing NO and O, mass fractions predicted by HYQ1D along the shock tube and the nozzle for conditions in Table |lI. Test case with active chemistry
model.
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FIG. 15. Comparisons between HYQ1D (isolines), L1d (dashed-line on left, triangle on right).

essential to consider the chemical reaction of the fluid. A compari-
son between the non-reacting result and the reacting case could be
made by comparing, for example, Figs. 12 and 13, the results are
different after the shock tube, which can be seen in the iso-level
map.

Figure 14 presents the mass fractions NO and O, selected as the
species that exhibit the most significant variations within the test case.
The concentrations are depicted from the shock tube to the nozzle, as
only this section experiences conditions that trigger substantial chemi-
cal reactions. Furthermore, this figure highlights an important feature
of the CFD tool used. It enables the calculation of concentration condi-
tions at each station, which are challenging to measure experimentally
and crucial for a comprehensive CFD analysis.

In Fig. 15, a comparison is shown between the results obtained in
this work and those of the state-of-the-art Lagrangian research code
L1d" for the same test case.

On the left side, in Fig. 15(a), the most important comparison
for this study is presented. Overlaid on subfigure a of Fig. 13 is the

piston midpoint trajectory calculated using the L1d code. The primary
diaphragm ruptures slightly earlier in the present simulation than in
the L1d simulation, but overall, there is a good agreement and consis-
tency between the two sets of results. This assertion is confirmed by
comparing the two tracks using the RMS (Route Mean Square) and
the RRMS (Relative RMS), which yield respectively 0.0025s and
1.3222%.

On the right side, in subfigure b, a comparison of shock velocity
is presented. Using the primary diaphragm rupture obtained in this
work as a common reference point, the time of the secondary dia-
phragm rupture is plotted on the x — ¢ diagram for two research codes,
using different markers. In this way, the burst time of the secondary
diaphragm is directly related to the shock velocity. From the plotted
markers, we can observe that the result obtained in this work slightly
delays the second diaphragm rupture compared to the L1d code. This
indicates that a slightly lower shock velocity was predicted in this
work. Overall, the results appear to be consistent with those obtained
in the previous comparison. Furthermore, to complete the comparison,
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FIG. 16. Computed piston trajectory from our HYQ1D code against the L1d.

the relative error between the secondary diaphragm burst time pre-
dicted from this work and from L1d was estimated to be 0.8508%.

To complete the comparison of the piston trajectory in the driver
tube, Fig. 16 shows the path of the piston in terms of position vs veloc-
ity. It can be observed that the results obtained in this work differ
slightly from the state-of-the-art LId results, yielding an RMS of
12,4084 m/s and a relative RMS of 6.3446%. Although this error is
higher than in the previous comparison, it remains within an accept-
able range.

It is important to consider that the HYQ1D code is a quasi-one-
dimensional code, so it does not account for 3D effects such as separa-
tion and reattachment at abrupt area changes in the facility. This leads
to a systematic error in all the results, due to the physics of the prob-
lem, which cannot be resolved by this approximation. Furthermore, in
this code, the area changes are smoothed to ensure stability.

B. DLR-HEG tunnel

Here, results and comparisons for the DLR-HEG facility are pre-
sented. The facility was discretized in the same way as the UQ-T4 facil-
ity, as illustrated in the schematic in Fig. 10. Regarding the reservoir,
since the volume was known, it was decided to discretize it as a cylin-
der preceding the compression tube, with a length of 5m. The diame-
ter was derived from this assumption and the volume provided.

In this simulation, the nozzle was not considered due to insuffi-
cient amount of releasable data. The remaining facility data are
grouped in Table IV, with the black data taken from the references

TABLE IV. DLR-HEG wind tunnel data for Shot 51°*“° conditions (now decommissioned).

ARTICLE pubs.aip.org/aip/pof

cited in the table caption and the gray data being the assumptions used
to run the test case. The simulated shot case is an outdated test that is
no longer performed, which is why sufficient non-confidential data are
available for comparison.

Here, we present only the results of the chemically reacting model
because, as in the previous case, the resulting temperature in the shock
tube causes the chemistry to be significantly triggered.

Figure 17 provides an overview of the wave phenomena. The
physical description is qualitatively the same as that provided for the
UQ-T4 facility in Sec. IV A.

In Fig. 18, two comparisons are made, as done for the UQ-T4
facility in Fig. 15. All data for the comparison are extrapolated from
Refs. 34 and 35. The first comparison, in subfigure a, which is more
relevant for this work, focuses on the piston trajectory between the
results obtained in this study, two research codes and HEG measure-
ments. The first, LC, is a Lagrangian code originally developed by Von
Neumann and Richtmyer (1950)°° and the second, PaCT, was
described by McIntyre and Atcitty (1990) based on the formulation of
Hornung (1988).”” The plot clearly shows that the developed model
produces results consistent with the other methods used for compari-
son. Specifically, the results fall between those of the other two codes
and closely agree with the experimental measurements as shown in
Table V, where a quantitative comparison is reported. (The Root
Mean Square and the Relative RMS values are calculated relative to the
experimental data.)

For the second comparison, in Fig. 18(b), the results obtained in
this work, the LC results, and the experimental measurements for the

pressure map
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0.1 5;?
@ B
- 4§

0.05 3

2

0
0 10 20 30 40 50
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FIG. 17. x — t diagram showing wave phenomena for the data in Table |V, base 10
logarithm of pressure is shown. Test case with active chemistry model.

I.C:Y; I.C.: p (kPa) 1.C.: T (K) Length (m) Diameter/volume
Reservoir Air 5000 300 5 5m’
Compression He 72.5 300 33 0.55 m
Shock Tube N, 23.8 300 17 0.15m
xposition (m) m (kg) phurst (MPa)
Piston 5 268
Diaphragm 1 38 493
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FIG. 18. Model prediction comparisons against DLR-HEG Shot 51 (now decommissioned) data among our HYQ1D code, the LC,” and the PaCT** codes.
TABLE V. Quantitative comparison at Shot 51 DLR-HEG conditions among our HYQ1D code, the LC,* and the PaCT™ codes.
HYQ1D LC PaCT
RMS (s) RRMS RMS (s) RRMS RMS (s) RRMS
Piston track 6.20 x 107* 0.56 % 2.86 x 1072 2.60 % 291 %107 2.49%
Shock track 6.30 x 107° 0.88 % 1.31x107* 1.92%

shock front in an x-t plane are shown. From this graph, we can see
that the shock velocity predicted in this work is slightly closer to
the experimental measurement than that predicted by the LC code,
though it remains faster than the experimental data. Further tuning
of the loss model may be required to improve the results. In gen-
eral, the results obtained in this comparison are comparable to
alternative code formulations and consistent with them, as demon-
strated in Table V. It is crucial to clarify that in the comparison of
shock tracks, the relative root mean square (RMS) value is calcu-
lated relative to the time interval between the primary and second-
ary diaphragm rupture.

V. CONCLUSION

The primary objective of this work is to develop an alternative
and more straightforward implementation of a piston tracking
algorithm within a Eulerian framework. Consequently, the most
significant outcome of the preceding result relates to the piston
track results. Furthermore, computational cost analysis is not per-
formed because the computational cost in this case is contingent
upon the code where the algorithm developed here is utilized. In
this work, our focus is solely on the piston tracking algorithm.
From the results reported in Secs. 111, IV A, and IV B, an assess-
ment of the accuracy and consistency of the model was performed.
The general results of the simulated facility were observed to show
good agreement with the comparison data as shown, for example,
in the UQ-T4 test case, where the relative error on the time
between test start and secondary diaphragm rupture is 0.8508%.
Furthermore, when isolating the compression tube and focusing on

the free-piston behavior simulation, which is the aim of this work,
the comparison showed even better results. The free-piston model
developed in this work produced results comparable to other mod-
els designed for the same purpose. Specifically, in the UQ-T4 test
case, the piston track differs from the L1D results of 1.3222%. In
the case of the DLR-HEG test case, the performance is even better,
with a result that differs from the experimental result of 0.56%,
which is significantly more precise than LC and PaCT, respectively,
which have a Relative RMS to the experimental data of 2.60% and
2.49%. Therefore, we can conclude that the main objective of this
work has been achieved.
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APPENDIX: VISCOUS LOSS MODEL

As discussed in Sec. 11D, a comprehensive model to calculate
the contributions of F,,,; and Fj, is presented, as explained in Refs.
1 and 18.

Fioss is computed for each cell as

i} APy, -
Floss = I 2 A(Xj1/2 — Xj—1/2)s (A1)
loss
where
1
APos = — K|, Epu|u|. (A2)

The length of the tube over which the pressure loss is distrib-
uted is indicated by Ljos. Along with the cross section, values of
K7 /Lioss are stored.

The viscous shear force on a gas cell is given by

Fwall = TwallnD (xj+1/2 - xj—l/Z)' (A3)

pubs.aip.org/aip/pof

Having circular cross section

N\ 1)2
D:z(%) . (A4)

The wall shear stress is obtained from the Darcy formula for
steady incompressible flow'

uju
Tyvall = —%- (A5)
The friction factor is computed as

64
f:A_Re’ Re < 2.0 x 10°, (A6)

0.3187

0.032 [ R

f==5 {ﬁ} . 20x10° <Re<40x10°, (A7)

1 _
f = [L8logy(Re) — 1.5147] ?, Re>4.0x10°, (A8)

where the Re is based on the tube diameter

*D
Re =" J”'. (A9)
U
Note that for the turbulent regime, a smooth wall is assumed.
The properties i* and p* = pT/T* are evaluated at the Eckert refer-
ence temperature

T = T+ 0.5(Tyar — T) + 0.22(Toy — T), (A10)

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

T, = AT. (A11)
A compressibility correction is applied via the factor

Y

—1
A=1+"—QM. (A12)

For laminar flow (i.e., Re < 2.0 x 10%), the recovery factor is
set to

Q= (Pr)'2, (A13)
whereas for turbulent flow
Q= (Pr)'°. (A14)
As regards the heat transfer with the wall, it is modeled as
q= h71:1_)(xj+nz =% 1)(Tw — Taw), (A15)
where the h coefficient is computed as
h=pC,|ulSt, (A16)
and the Stanton number (St) is defined as

St =£Pr—2/3. (A17)
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