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Abstract. Experiments are conducted in a shock tube to study the shock loading of a
cylinder and a cylinder bank. The experiments model the loading of the cooling tubes in
an inertial conﬁnement fusion reactor where banks of tubes line the reaction chamber.
The diﬀraction of the shock wave is visualized using shadowgraphy. Shock loading of the
cylinder(s) is measured with ﬂush mounted piezoelectric pressure transducers located
at various angular locations. The single cylinder experiments are compared with the
cylinder bank experiments to study the eﬀect of the ﬁrst wall of cylinders on the second
one.
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Introduction

In proposed inertial conﬁnement fusion (ICF) reactors, a small pellet of fuel is
ignited several times a second. This ignition process results in a spherical shock
wave radiating into the reaction chamber. In some concept designs, the ﬁrst
structural wall of the reactor is a cooling tube array that absorbs the blast energy
and transfers heat to a coolant. Proposed schemes include the Inhibited Flow in
Porous Tubes (INPORT) and Perforated Rigid Tube (PERIT) designs [1]. Both
designs consist of hollow tubes carrying a PbLi eutectic alloy. The INPORT tubes
are made of a porous orthogonal weave of SiC, C, or steel that allows an ablative
ﬁlm of the PbLi to form on the outer surface of the tube. This ﬁlm absorbs x-rays
and target debris. The bulk of the liquid ﬂowing through the tube absorbs the
photon and neutron energy and mitigates the isochoric heating by the neutrons.
The ﬁrst few levels of the PERIT design have fan sprays that create a liquid
sheet of PbLi between adjacent tubes. This liquid sheet serves the same purpose
as the protective liquid ﬁlm in the INPORT design. These tubes must be able to
withstand the impact of the shock wave formed by the thermonuclear reaction
of the deuterium-tritium (DT) fuel. Adequately designing the protection for the
ﬁrst wall requires understanding the impulsive shock loading on the tubes. The
impulsive loading on the tubes can be understood by studying the interaction
of a transient shock wave incident on a cylinder or bank of cylinders. Previous
studies include analytical investigations of the shock-refraction phenomenon [2],
[3] numerical simulations of the ﬂow around a cylinder [4], [5], [6] and experimental ﬂow visualizations and pressure measurements [7], [8], [9], [10], [11], [12].
These studies provide detailed knowledge of the ﬂuid dynamics around a single cylinder. However, the existing literature contains little work speciﬁc to the
geometries relevant to the ICF designs.
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In an attempt to understand the loading on the ﬁrst wall of proposed ICF
reactors, this work employs a shock tube to study the interaction of incident
shocks on a bank of cylinders. Parallel experiments and numerical modeling
examine the shock pattern formation and the resulting pressure loading of the
cylinders.
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Experiment

The shock tube is oriented vertically (9.3 m high), has a large square crosssection (25.4 cm) and has a structural capacity of 20 MPa [11]. There are two 22
cm diameter fused silica windows on opposing walls in the test section. Figure 1
shows the layout of the cylinders in the test section. There are two smaller
cylinders (radius 2.69 cm) located above a larger, center cylinder (radius 3.175
cm). The size and spacing of the cylinders represent the geometry of the cooling
tube arrangement in an ICF reactor. To conduct single cylinder experiments the
two smaller cylinders are removed from the test section. There are piezoelectric
shock pressure transducers (PCB, model 112A03) mounted ﬂush with the surface
of the cylinders as shown in Fig. 2. Four pressure transducers may be mounted
to a cylinder in 30◦ increments. Thus, there are four pressure traces recorded for
one upper cylinder and the center cylinder per experiment. Several experiments
are conducted with the cylinders mounted to obtain data at 0, 30, 60 and 90
degrees; then the cylinders are rotated 90 degrees to obtain data at 90, 120, 150

Fig. 1. Side view of cylinder banks detailing the tube size and aspect ratio.

Fig. 2. Cylinder arrangements instrumented with pressure transducers.

3

and 180 degrees. Therefore, the pressure history around the entire circumference
of the cylinder is measured.
Shadowgraphy is used to image the shock diﬀraction patterns. The light
source is one head of a Continuum Surelite II-PIV pulsed Nd:YAG laser. The
pulse is 10 ns in duration and can deliver up to 220 mJ/pulse at a wavelength of
532 nm. The central portion of a 0.3 m circle of collimated light is transmitted
through the clear size 20.3 cm diameter fused silica windows in the test section.
The image is visible on a screen placed on the opposite side of the test section
from which the light enters. A Pixel Vision CCD camera (back-lit 1024×1024
pixel array) focused on the screen captures the image. A speciﬁed time delay from
the shock passing a pressure transducer above the test section synchronizes the
laser pulse with the desired position of the shock. One image is obtained per
experiment.
Numerical simulations are performed to complement the experiments. The
conservative forms of the Euler equations are solved using an exact Riemann
solver based Goduov method [12]. A two-dimensional simulation is conducted on
a 25.4 cm square domain. The spatial resolution is 0.25 mm. Reﬂective boundary
conditions are chosen for the sides to model the walls of the shock tube. The
top of the domain is ﬁlled with post-shocked quantities of the gas calculated
from one-dimensional gasdynamics. The cylinders are modeled using reﬂective
boundaries on the surface of each cylinder.
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Results

Experimental results are presented for a M=2.75 shock in argon. A monatomic
gas is chosen as it most closely models the low pressure protective Xe blanket
used in some reactor designs. Results are presented for both the single cylinder
and three cylinders conﬁgurations in the form of shadowgraph and schlieren
images and force distributions due to the shock loading. Figure 3 shows a shock
wave diﬀracting oﬀ of a single cylinder at three diﬀerent times. The planar shock

Fig. 3. Comparison between experimental and numerical images for the single cylinder
conﬁguration for a M=2.75 shock in argon. The images are for times: A. t=11 µs,
B. t=47 µs and C. t=83 µs (from initial contact with the top of the cylinder.)
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wave, seen as a ﬂat horizontal line, travels from the top of the imaged region to
the bottom. In each of the three images, the experimental shadowgraph image is
on the left half while the simulation is on the right. The simulation captures all
of the signiﬁcant features of the experimental image, including: the diﬀraction of
the shock along the cylinder, the reﬂected shock oﬀ of the cylinder and the slip
line from the cylinder to the intersection of the incident shock and the reﬂected
shock. In the experimental image, the curved reﬂected shock on the left is a
reﬂection oﬀ of the support structure holding the cylinder.
The shock diﬀraction patterns for the three cylinder conﬁguration at three
diﬀerent times are shown in Fig. 4. The simulation again seems to capture the
relevant features in the experimental image. There is some discrepancy between
the experimental and simulation images at t=99 µs, such as the curvature of the
reﬂected shock oﬀ of the top of the center cylinder.
A later time simulation image is shown in Fig. 5 to reveal some of the features
of the shock diﬀraction. The following labels are used in the image: IS for the
incident shock, RCS for the reﬂected shock oﬀ the upper cylinder(s), RCCS for
the reﬂected shock oﬀ of the center cylinder, RWS for the reﬂected shock oﬀ of
the wall and CS for the various contact surfaces in the ﬂow ﬁeld.
The direct measurement of the pressure distribution on the cylinder(s) is indicative of the severity of shock loading. These measurements provide a means
for a quantitative comparison with numerical models. When the incident shock
contacts the top of the cylinder and subsequently reﬂects, it imparts a large vertical dynamic load on the cylinder. The magnitude of this load varies with angle
along the cylinder, because of the geometry of the shock system. The vertical
impulse of a cylinder can be calculated from surface pressure measurements,
P (θ, t):
 τ  θm (t)
2
P (θ, t)2 R cos2 (θ)Ldθdt .
(1)
I=
0

0

The experimental pressure data is not continuous, but is taken at discrete locations so an approximation to calculate the vertical force as a function of time

Fig. 4. Comparison between experimental and numerical images for the three cylinder
conﬁguration for a M=2.75 shock in argon. The images are for times: A. t=36 µs,
B. t=77 µs and C. t=99 µs (from initial contact with the top of the upper cylinder.)
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is:
Fvertcal = 2L[ A0,15 (P0◦ − P180◦ ) +
A15,45 (P30◦ − P150◦ ) +
A45,75 (P60◦ − P120◦ )]

(2)

where
A0,15 = R [sin(15◦) − sin(0◦ )] ,
A15,45 = R [sin(45◦) − sin(15◦)] ,
A45,75 = R [sin(75◦) − sin(45◦)] ,

(3)

and the length of the cylinder, L, is 25.4 cm. In order to obtain the vertical force,
the pressure at each angular location is multiplied by the projected vertical area
of the cylinder surface.
Figures 6 and 7 show force traces for the single cylinder and three cylinders
conﬁgurations. The maximum force is substantially higher (35%) on the center
cylinder in the three cylinder conﬁguration compared with the single cylinder
conﬁguration, due to an increase in shock strength as a result of the decreasing
area as the shock passes through the ﬁrst bank of tubes. The dip present in
both the data and the numerical model of the upper cylinder is a result of the
reﬂection of the incident shock wave oﬀ of the center cylinder, which contacts
the bottom of the upper cylinder, substantially decreasing the overall downward
vertical force. This is consistent with the time sequence seen in Fig. 4 where
at approximately 0.1 ms the reﬂection is seen to make contact with the upper
cylinder. The slight increase in force on the center cylinder at approximately 0.14
ms is the result of a second reﬂection of the wave oﬀ of the bottom of the upper
cylinder making contact with the lower. The quantitative agreement between the
numerical model and the experimental data are quite good for both the single
cylinder and three cylinder conﬁgurations.

Fig. 5. A late time (144 µs) simulation image obtained with an improved high resolution method (PSM) showing the many shocks and contact surfaces. The mesh size is
0.5 mm.
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Conclusion

This work attempts to estimate the shock-induced loading on ﬁrst-wall cooling
tubes in proposed ICF reactor designs. Shock tube experiments and accompanying numerical modeling eﬀorts study the interaction between an incident shock
wave and cylinder(s) intended to simulate the cooling tubes. The experiments image the shock formations and acquire surface pressure traces. Subsequent calculations from the pressure data yield the vertical force imparted on the cylinders.
The model uses an Eulerian code to predict the results from the experiments.
Comparisons between experimental and numerical images show good qualitative
agreement in the reproduction of the features seen in the experiments. The force
data over the cylinder also agrees well and gives a more quantitative comparison
between the experiment and numerical model.
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Fig. 6. Force imparted on a cylinder by a M=2.75 shock in Ar. The initial dip in the
force (t=0.01 ms) is due to the discrete approximation of Eq. (1) with Eq. (2) (this dip
would be eliminated with continuous data and reduced with pressure measurements at
more angular locations).
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Fig. 7. Force imparted on the upper cylinder(s) and the center cylinder by a M=2.75
shock in Ar.

